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OPENING ADDRESS 
- V.L,. Levshin 


Two years have passed since the last conference on crystal phosphors (the 
Seventh Conference on Luminescence) , held in the summer of 1958 in Moscow. This 
is a relatively brief interval, yet, during this time there have been significant 
advances in luminescence research in the Soviet Union. The research centers al- 
ready extant in Leningrad, Tartu and Moscow continued their purposeful work and 
obtained a number of interesting results. Significant investigations have been 
carried out in a number of other locations: there were formed new scientific 
collectives at the Academies of Sciences of several Soviet Republics and in a 
number of colleges and universities, where increasing emphasis has been placed 
on the creation of laboratories devoted to the problems of luminescence and spec- 
troscopy. 

I shall not speak here of individual investigations, many of which are of 
great interest, but will limit myself to a brief review of the significant advan- 
ces realized during the past two years in different fields of the science of crys- 
tal phosphors. 

I shall start with the chemistry of phosphors, the field that provides us 
with the subjects for our investigations. Research in the field of phosphor chemi- 
stry has undergone substantial changes in different directions. Numerous earlier 
studies provided the foundation on the basis of which one can now more intelligent- 
ly choose the aims of chemical investigations. Consequently, we now have new pos- 
sibilities of modifying the physical properties of phosphors in the desired direc- 
tion by chemical means. For more precise determination of the useful means and 
the chemical-physical relationships involved there have been carried out many 
specific investigations: there have been studies of phosphors as distinctive 
physical-chemical systems, of the influence of structure on phosphor properties, 
and of the effects of dislocations and deformations of the crystal lattice. 

A second direction in the evolution of chemical research in the field of 
crystal phosphors has been the development of methods of preparing crystal phos- 
phors in new states or conditions. Here I have in view particularly the prepara- 
tion of sublimated films, which are very convenient for investigating the absorp- 
tion of phosphors as well as their electric properties. There have also been de- 
veloped new methods of growing single crystals, the advantages of which over strong- 
ly scattering powdered phosphors are obvious. 

In addition to improvement in the methods of preparing already known phos- 
phors, there have been created a number of new luminescence materials that are of 
interest from the scientific standpoint and highly important for practical purposes. 

In the field of physical investigations during the past two years there have 
been continued profound studies of luminescence centers and localization levels 
(traps) as well as of the energy storing ability of crystal phosphors. 

The question of the composition of luminescence centers has a long history 
dating back to the important pioneering investigations of Verneuil and P.Lenard. 
While no one now holds to the obsolete concepts of Lenard, it must be admitted 
that no one knows exactly what constitutes a luminescence center. Various and 
greatly divergent views have been advanced on the question of the structure of 
luminescence centers and of the components entering into it, on the influence of 
auxiliary activators and co-activators, on the participation in the luminescence 
process of neighboring parts of the lattice and of the state of ionization of 
‘luminescence centers. These are all topics that still arouse heated arguments. 

In the past two years, however, there have been carried out a number of studies 
which, although they do not give a definitive answer to the question, still shed 
considerable light on the state of luminescence centers, at least in individual 
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cases. Particularly significant work in this respect has been pee eee 
gating luminescence centers in alkali halide crystals. Of the new helptu 
of investigation developed in recent years one may note the method of paramagnet-— 
ic resonance, which in a number of cases makes it possible to determine the state 
i or unexcited activator ion. 
2 Cee attention has been given to the investigation of thezaa uuMcr loca- 
tion and filling of electron and hole trapping levels, which dekexmite the kinet- 
ics of persistent luminescence of crystal phosphors and their ability to store 
energy. For solution of problems in this field extensive use is made of the meth- 
od of thermostimulation (glow curves). Thanks to this procedure there have been 
obtained significant data on the trapping levels in alkali halide, zine sulfide 
and other crystal phosphors. 

However, the method of glow curves does not yield a complete picture of the 
location and filling of traps in phosphors, owing to the existence of complex 
processes of electron redistribution during thermostimulation and, particularly, 
owing to the onset of luminescence quenching at high temperatures. Hence other 
techniques are used for investigating the position of trapping levels, among which 
I want to note the new method based on recording exoelectronic emission curves; 
in using this method information on the location of trapping levels is obtained 
not on the basis of the luminescence intensity but on the basis of the intensity 
of emission of electrons from the surface of the excited phosphor during heating. 
This method has its own difficulties and shortcomings, but it often successfully 
supplements the method of glow curves. 

On the basis of the information obtained on the location and nature of trap- 
ping levels it is much easier to construct more specific theories characterizing 
the different processes associated with the migration of electric charges in and 
the luminescence of crystal phosphors. Recently there have been a number of sig- 
nificant attempts at theoretical calculations and constructs. True, owing to the 
complexity of the problem these for the most part pertain to particular cases and 
are subject to various reservations and limitations. However, the value of such 
theoretical constructs lies in the fact that in them kinetic processes are related 
with quantities that have definite physical meaning and the numerical values of 
which can, at least in principle, be determined or checked by experiment. This 
represents a definite step forward as compared with setting down simple empirical 
formulas, which merely describe the course of the process, often without attach- 
ing any specific physical significance to the coefficients involved. 

No less a significant achievement is the completion of numerous important 
experimental investigations of the kinetics and energetics of luminescence pro- 
cesses. These include investigation of the processes of stimulation and quench- 
ing under the influence of infrared light, investigation of transfer of electrons 
from one set of trapping levels to another during optical flashes, of natural de- 
cay and prolonged storage of excited phosphors, investigation of electron mnigra- 
tion by resonance means and by movement of electrons and holes in the valence and 
conduction bands, study of the effect of exciton excitation and exciton energy 
transfer in crystals, and, finally, investigation of different forms of quenching 
that limit the luminescence yield and reduce the efficiency of transformation of 
energy from one form to another. All these interesting and practically important 
processes have been the subjects of attentive investigation in a number of Soviet 
laboratories. 

Profound investigation of the kinetics and energetics of the luminescence of 
phosphors, which brings to light the simultaneous development and interaction of 
essentially different processes of luminescence, gives rise to certain difficul- 
ties in application of such fundamental concepts as the "luminescence yield", 
mean luminescence persistence", and the like. In view of our new,more profound 


understanding of the complex processes of luminescence in general and the lumines- 
cence of crystal phosphors in particular, these concepts require redefinition and 
redetermination of the conditions under which they are truly applicable. 

Some particular classes of luminophors have attracted the special attention 
of investigators. These include alkali halide phosphors which are particularly 
attractive to experimenters in view of their regular lattice structure and the 
possibility of introducing into them diverse activators. There have been many 
studies of the luminescence of alkali halide phosphors by the members of the Tartu 
school and also in the laboratories in Irkutsk and Saratov. There have also been 
significant developments in the investigation of the properties of phosphors of 
the zinc sulfide, zinc selenide and zinc-cadmium sulfide types, which are particu- 
larly important from the technical standpoint. 

One may also note the further extensive development of research in the field 
of electroluminescence. Aside from the practical results achieved in utilization 
of electroluminescence, one may point to significant advances in the theoretical 
treatment of the complex processes involved in electroluminescence. 

Our conference is being held in Kiev; this is entirely natural. Kiev scien- 
tists have made great contributions in the field of luminescence. At today's 
meeting we shall hear two communications, one from Kiev University, the other from 
the Institute of Physics of the Ukrainian SSR Academy of Sciences. 

The Optics Department of Kiev State University is headed by one of the out- 
standing students of the late S.I.Vavilov, Prof.A.A.Shishlovskii. The researches 
of Prof.Shishlovskii and his students have been devoted to luminescence and the 
absorption of electrolytes; they have elucidated the physical-chemical state of 
dissolved substances and the character of the complexes that form in solutions. 
The report which we shall hear today is devoted to the results obtained in Kiev 
State University in investigating the luminescence of semiconductors. 

The second report, to be presented by M.T.Shpak, is concerned with the role 
of impurities in molecular crystals at low temperatures. In this report there 
are described some of the new results obtained at the Institute of Physics of the 
Ukrainian SSR Academy of Sciences in the laboratory of A.F.Prikhot'ko. We are all 
‘acquainted with the outstanding experimental work of the Institute of Physics of 
the Ukrainian Academy in the field of investigation of the structure of the lumi- 
nescence spectra of organic crystals at low and superlow temperatures. Very im- 
portant research on the luminescence and absorption of crystals is being carried 
out by S.I.Pekar and his co-workers. 

We, the workers in the field of luminescence, gathered here from all ends 
of the Soviet Union, greet our dear hosts and wish our Kiev comrades success in 
their interesting and important research. 

Before closing I would like to say a few words on further development in our 
scientific field in the future. 

The development of the national economy in the coming five years poses prob- 
lems, solution of which will be impossivle without extensive utilization of past 
and future achievements in the field of crystal phosphors. For example, it is 
‘proposed in the near future to convert most industrial enterprises to "fluores- 
cent" illumination; fluorescent lighting will also be used increasingly in homes 
and offices. In fact, soon more than 60% of the lightflux used for illumination 
will be provided by fluorescent lamps. Obviously, researchers must give great 
attention to the development of new and better phosphors for fluorescent lamps. 

The imminent development of color television, the creation for various engin- 
eering purposes of efficient and specialized oscillographs, and improvements in 
radar equipment, all make it imperative to pay great attention to investigation 
of the phenomena involved in cathodoluminescence and to development of new cathodo- 
luminophors. 


No less important is the problem of electroluminescence. Cathodoluminophors 
and electroluminophors belong mainly to the class of zinc sulfide phosphors. Zinc 
sulfide from the practical standpoint is much more important than alkali halide 
crystals. In view of this I feel that it is essential to turn our attention to 
the investigation of the properties of zinc sulfide itself as well as cadmium 
sulfide and other similar substances with the same cations but different anions, 
to say nothing of the properties and behavior of phosphors with these sulfides as 
the base material. Although I fully understand the interest in alkali halide 
phosphors, I feel that in the immediate future we must concentrate our attention 
on zinc sulfide and other luminophors in its class. 

For solution of the above mentioned technical problems there must be under- 
taken comprehensive theoretical investigations: we must investigate the composi- 
tion of luminescence centers, their interaction with each other, the energy struc- 
ture of phosphors, the different forms of energy transfer in phosphors, the kinet- 
ics of luminescence and transformation of absorbed energy, the nature of energy 
losses in phosphors and the phenomenon of quenching. We must also study the spe- 
cific characteristics of the diverse processes involved in different forms of ex- 
citation: excitation by hard radiations, by electron beams and by electric fields. 

Data obtained through such investigations will be important not only for the 
solution of practical and theoretical problems in the field of luminescence per 
se but will also influence progress in a number of allied branches of science, in 
particular the study of semiconductors. 

The extensive development of scientific research institutes occupied with 
the problems of luminescence and the fact that work in this field is being under- 
taken in many Soviet institutions of higher learning gives reason to hope that 
we will see rapid progress in the investigation of luminescence and increase in 
our understanding of this phenomenon. I hope that physicists specializing in 
luminescence will apply all their energies to insure fulfillment of the Seven 
Year Plan both in the field of luminescence illumination and in the field of ap- 
plication of crystal phosphors in electron beam devices. 

We shall next hear a number of extremely interesting communications as pro- 
vided in the program of the conference. 

I declare the Ninth Conference on the Luminescence of Crystal Phosphors open, 
ee in the name of the Organizing Committee, wish the Conference success in its 
work. 


LUMINESCENCE OF SEMICONDUCTOR CRYSTALS WITH EXCITATION IN THE DISCRETE STRUCTURE 
REGION OF THE ABSORPTION SPECTRUM 
- I.S.Gorvan', S,N.Rud'ko & A.A. Shishlovskii 


At present many substances are known the crystals of which exhibit, near the 
long wavelength edge of the main absorption band, narrow bands associated with 
transitions to exciton states. Discrete structure in the long wavelength edge 
of the main absorption band is, as a rule, observed for crystals of semiconducting 
compounds that have a considerable internal photoelectric effect and frequently 
rather intense luminescence.1,2 

Among such crystals is cuprous oxide. It was formerly believed? that when 
this crystal is excited in the intrinsic absorption region, its luminescence spec- 
trum consists of one band in the near infrared. Comprehensive investigation?» 4 
revealed, however, that this band is due to radiative exciton annihilation at Cu 
ion vacancies in the Cug0 lattice. It was found later® that there are two more 
bands in the cuprous oxide luminescence spectrum, located on the short wavelength 
side of the first band. Our experiments show that the intensity of these new bands 
depends strongly on the conditions of synthesis and subsequent heat treatment of 
the samples. 
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Fig.1. Luminescence spectra of Cug0 recorded for specimens with different specific 
,resistivities: A- T= 20°K: a) p = 1.6°103 ohm cm, b) 1.68°104 ohm cm, c) "1.97 
‘ -10© ohm cm; B - 9 = 1.68°10% ohm cm: a) T = 20°K, b) T = 77K, 


Fig.1 shows the luminescence spectra at 20° and 77°K of crystals with differ- 
ent resistivities. The numerical values of the resistivity, peak wavelengths, 
peak separations and intensity ratios are given in the accompanying table. 

Changes in the luminescence spectrum are accompanied by changes in the con- 
tinuous absorption background near the luminescence band. The above mentioned 
properties indicate that impurity centers play a decisive role in the luminescence 
of Cug0 crystals. The intensity ratio of bands 2 and 3 is the same for all crys- 
tals in which these bands are observed. Thus radiative transitions 2 and 3 belong 
to the same luminescence center, 


mas Fuse eee i which is different and distinct 
one Map ae OR ou ey corn | arta tig ieee from the center responsible for 
2 band 1. 

Bt oes sip.| era | 606 | 200 | a35.| 3.5442 Bloem? showed that, accord- 

% | 4797-108 | 9118 | 504 | 8270 | 505 | 7219 | 456 | 10,7:4:2 ing to the phase diagram, there 
— oe exist in Cug0 crystals at high 

& temperatures two types of Schot- 
©, | 168-408 | 9159 | 585 | 8336 | — | 7276 ~590/8,5:1:1,5  tky defects: copper vacancies 

= and oxygen vacancies. These de~ 


fects are frozen into the struc- 
ture upon rapid cooling of the crystal. Band 1 is due to the copper vacancies, 
‘while bands 2 and 3 are due to the oxygen vacancies. The lattice defects may 
be either empty or occupied, depending on the temperature of the phosphor. This 


explains the changes in the luminescence spectrum observed with increase of tem- 
perature. It will be evident from Fig.1,B that increase of the temperature re- 
sults in a significant decrease in the intensity of the bands that are located 

in the short wavelength part of the spectrum (bands 2 and 3). In contrast, the 
intensity of band 1 exhibits a tendency to increase. This, in view of Tolstoi's4 
data on the kinetics of luminescence, gives reason to infer that in the range of 
low temperatures the decrease in the intensity of the short wavelength band with 
increasing temperature occurs not as a result of increase in the probability for 
nonradiative transitions, but mainly as a result of filling of defects with elec- 
trons. It must be recalled that Cug0 is a hole type semiconductor, hence the 
normal states of the impurity centers in it must play the role of acceptors and 
be located near the valence band. 

In the diagram of Fig.2 A, represents the ground 
state of the copper vacancies; A, and A; represent two 
levels belonging to the oxygen vacancies; m, and m, are 
the excited states of centers, the existence of which is 


—s indicated by the correlation between the luminescence in- 
ip I tensity and the absorption near the luminescence bands. 

i re With increase of temperature the electrons first fill the 
Derr eTTTTTTTTTTITITIOOTITIT IIIT A lowest lying levels of the defects. Inasmuch as radia- 
EY SELL IEE EECEEELLM SEO EERIE tive transitions to occupied states are forbidden, the 
TELE LEI EUGLEY ISLE LEELE ead intensity of the short wavelength bands must obviously 
Fig.2. Diagram of the decrease as the crystal is heated; at the same time the 

energy states in Cug0. long wavelength luminescence band can increase in intensi- 

ty. 


Fundamental to understanding the nature of the processes of luminescence and 
photoconductivity in semiconductor crystals is the question of the transfer of 
excitation energy to impurity centers when the crystal is irradiated in its in- 
trinsic band, i.e., the question of whether the excitation energy is carried to 
the impurity centers by excitons or is transferred to them together with the car- 
riers "falling" to the impurity levels mi and m2 from the conduction band? At 
least a partial answer to this question can be found by analyzing the experimental 
data. 

ow! The results of quantitative measurements of 

up the absorption spectrum at liquid air temperature 
are shown in Fig.3 (curve 1). The presence of 
three exciton series in the spectrum of Cug0 and 


/ 
seri of three continua accompanying these series has 
Lf fe been discussed earlier®. Their origin is eonnect- 


ed with the complex structure of the valence band, 
which consists of three subbands 1, 2 and 3 (Fig. 2) 
that form as a result of splitting of the 3d shell 
of the Cut ion owing to spin-orbit interaction. 78 

109 We investigated the variation in the intensity of 
bands 1, 2 and 3 as a function of the wavelength 
with excitation in the region of the discrete 
structure of the absorption of the yellow and 
green exciton series at temperatures of liquid 

“7 air, nitrogen and hydrogen. We used specimens 

of sufficient thickness to insure complete absorp- 
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Fig.3. Cug0 absorption spec- tion of the incident light in the investigated 
trum (1) and luminescence ex- spectral region. Curve 2 in Fig.3 gives the ex- 
citation spectra for band 1 citation function for band 1, curve 3 represents 


(2) and bands 2 and 3 (3). the excitation function for bands 2 and 3. It 


will be evident that the excitation functions exhibit no structure corresponding 
to the exciton absorption structure, which indicates that the quantum luminescence 
efficiency is independent of the nature of excitation. 2 

This result can be understood if we assume either that the transfer of exci- 
tation energy to the impurity centers is accomplished with equal efficiency by 
current carriers and excitons or that the excitation of impurity centers is re- 
alized by excitons that are generated both directly in the process of light ab- 
sorption and through the intermediary of the conduction band as a result of inter- 
action between carriers of opposite polarity. We believe that the second mechan- 
ism is more likely. This follows from the fact that the exciton radius in Cuy0 
is two or three orders of magnitude greater than the lattice constant!, i.e., the 
electron-hole interaction begins at very large separations between the electron 
and hole. Assuming!9 that the exciton dimensions are commensurate with the cross 
section for capture of a free electron by a free hole, one can calculate the life- 
time of a free electron-hole pair in Cu90; this for a dark hole concentration of 
1014 cm-! proves to be <1072 sec. Hence in considering the kinetics of the ex- 
citation process one can replace band-band excitation by exciton excitation. The 
process of transformation of a free electron-hole pair into an exciton must be 
analogous to the process of attainment of thermodynamic equilibrium in the excited 
state of complex molecules. The interaction of excitons with luminescence centers 
may be regarded as ionization of excitons in the electric field of an empty de- 
fect, leading in the final analysis to the raising of the electrons to levels of 
the mi and mz type, where they must have a finite lifetime. 4 

Let us consider some of the consequences following from the above argument. 
To this end we shall try to develop the views of Tolstoi* on the temperature de- 
pendence of the excited state lifetime and luminescence yield of Cuo0 taking in- 
to account three types of impurity levels. For convenience we introduce the de- 
signations: n - the exciton concentration, Ni, Nz and Ns - the concentrations of 
the three types of defects in the crystal lattice per unit volume (in accord with 
the above said N2=Ns=WN), Np;,N, and N3 - the numbers of occupied levels, 
W.1,W2 and W3- the probabilities of the excitons encountering an empty defect 
“with resultant radiation, Wig,Wo and Ws, - the probabilities of the excitons 
encountering an occupied acceptor with resultant photoionization, 8 - the proba- 
bility for exciton decay or annihilation without encountering a defect, and ih 
the volume density of excitation. 

The number of electrons on the impurity levels depends on the temperature 
and is described by 


= = = r— —e,/kT 
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If Wig < Wi, the temperature dependence of the exciton lifetime will be 
given by 
a8 J : 
Be WINE (Wet Wall —(Wi— W yg) Cre AT (W— W og) Coed FT — (Wa Wey) Coe kT 


(1) 


This tT is not the afterglow duration, for calculation of which one must also take 
into account the finite lifetime of the electrons on the excited levels of the 
lattice defects. The electron lifetime must, however, in general affect the 
temperature dependence of T. Experimental investigation of the temperature de- 
pendence of the afterglow time for band 1 at low temperatures shows three in- 
flections or humps in the curve“, which is in qualitative agreement with the 
presence of three exponentials in the denominator of (1). 
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Fig.4. Luminescence spectra of HgIg at low temperatures obtained for specimens 

prepared in different ways. A - T = 20°K, B - T = 77°: a) crystal prepared by 

sublimation (first batch), b) crystal prepared by sublimation (second batch), c) 
crystal grown from solution. 


The exciton yield for the i-th band will be given by the formula 


tot Wi (Ni—Ni) MD 
Oe 
w,(nj;—cye *t/**) ne 
BE WANs+ (Wet We) N — (Wi— Wg) Cre" ET (W,— Wo q) Cre FT (W,— W gq) Cree AT 


where i = 1,2,3. Like Eq.(1), Eq.(2) does not pertain to the afterglow, but char- 
acterizes the efficiency of excitation by the excitons of the corresponding lumi- 
nescence centers, which must naturally affect the luminescence efficiency. The 
temperature dependence of the luminescence efficiency for band 1 was investigated 
by Karkhanin & Lashkarev? who found an empirical formula fitting the experiment 
curve, the form of which is similar to Eq. (2). 

Thus the deductions following from the above interpretation of the origin 
of the luminescence bands of Cug0 not only agrees with experiment but also serves 
to explain a number of experimental results that were hitherto unclear. 

We also investigated the luminescence and absorption characteristics of a 
number of other crystals. Fig.4 shows the energy distribution in the region of 
the two shortest wavelength luminescence bands of HgIg, recorded for specimens 
prepared in different ways. The luminescence spectrum of HgIo was investigated 
earlier by Arkhangel'skaya & Feofilov2. Hence here we will give only the new 
data obtained in the present experiments. We note that for specimens prepared 
in different ways, in addition to variation in the wavelength of the peaks2, there 
is observed noticeable variation in the widths and relative intensities of the 
bands. In contrast to the case of Cug0, in the case of HgI2g there is observed 
increase in the intensity of the short wavelength band with increase of the ten- 
perature from 20 to 779K, while the intensity of the long wavelength band decreas- 
es. The characteristics of the luminescence of such crystals as CsD, ZnS and 
PbIy are similar to those of HgI5. In accord with many other authors2,5,12,13 | 
we assume that all the luminescence centers in these crystals are of the same type 
and that they are associated with Schottky or Frenkel defects. Numerous investi- 
gations!4,15 of the luminescence and photoconductivity of CdS and similar crystals 
show that in the region of exciton absorption the structure of the excitation spec- 
trum is correlated with the absorption structure. The presence of this structure 
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in the spectra of crystals thick enough to insure 
complete absorption indicates that the luminescence 
tag; 1, efficiency and photoconductivity depend on the wave- 
length X of the exciting light. Some authors!® have 
been inclined to attribute this dependence to a 
variation in the nature of the absorption with change 
ate 

We undertook a more thorough analysis of the 
origin of the structure in the excitation spectra 
of crystals of the CdS and HgI5 type. A significant 


4900 5300 A. fact is that the luminescence intensity and photo- 
conductivity of these crystals, in contrast to those 
Fig.5. Absorption spectrum of Cug0 crystals, exhibit a linear dependence on the 
(a) and excitation spectrum excitation intensity.2:17 
of HgIo at T = 20°; experi- Let i be the intensity of the given luminescence 
men* . (b) and calculated band, 7 - a constant, J) the intensity of the inci- 
(c). dent exciting beam, and y the exponent. If y is inde- 


pendent of /,, the intensity of the luminescence emit- 
c*.. by a unit volume at depth z in the crystal plate will be given by the equation 


di dl\x 
F:asmuch as a= ke, we have 
di 
He = NAVI e—VkX, (4) 


If the thickness of the crystal is d, the total radiation flux will be 
d 


i= nk} \ e—vkxdy = 7 _ rw —e-vee), (5) 
0 
In the limit as dco, we will have 
¥—i 
a - I. (6) 


For y = 1, which, according to Eq.(6) corresponds to linear variation of the 
luminescence intensity with the degree of excitation, the luminescence intensity 
should not depend on the absorption coefficient. This case is realized in Cu,0, 
all the luminescence bands of which exhibit a linear dependence on the degree of 
excitation. 

For y > 1 and with I, being independent of X, the absorption peaks will cor- 
respond to the maxima of the excitation function, while for ¥ <1 the absorption 
‘peaks will correspond to minima of the excitation function. The 7 > 1 case is il- 
lustrated by HgIg crystals, the absorption and excitation spectra for which are 
given in Fig.5. It will be seen that in this case extrema in the absorption curve 
approximately correspond to extrema in the excitation curve. We carried out a 
comparison of the measured excitation function with the excitation function calcu- 
lated on the basis of Eq.(6). The formula used for our calculations was of the 


forn 

ty = Dy Naat To x 

Ta (a) Gs) D 
where D= log Tse; and the subscript j pertains to the wavelength ij. Measure- 
ments of the dependence of the luminescence intensity on the excitation intensity 
for the investigated luminescence band yielded ; = 1.62. The results of calcula- 
tions for 4,= 5068 A and D,= 0.628 are shown in Fig.5 by the dashed line (curve c). 
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lculated curve was not obtained. Pos- 
Complete fit of the experimental to the ca 
ns the discrepancy is due to the fact that the absorption and excitation spec 
ifferent ways. 
tra were measured for crystals prepared in di 
Thus the results obtained show that the structure of the excitation spectrum 
cannot be correlated fully with the nature of the absorption. 
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DISCUSSION 


N.A,Tolstoi: Cuprous oxide, although it is one of the most thoroughly and ex- 
tensively investigated materials, still has "surprises" for the investigator. 
Moreover in many earlier investigations one finds strange "details" that are ig- 
nored or glossed over. Actually they are treated as "details" simply because 
nothing definite could be said about them. Such facts, for example, are the tem- 
perature dependence of the brightness and persistence of luminescence of cuprous 
oxide. An important and interesting attempt to find an explanation for these ob- 
scure phenomena has been made in the work reported on by Gorban'. The results 
appear to be convincing, but in my opinion for definitive judgment one must carry 
out experiments in at least two directions. 

1. One must investigate specimens annealed at high temperature (of the order 
of 10709). Such specimens, as we discovered, yield a negative temperature quench- 
ing in the vicinity of 150°. The relaxation regularities here are also paradoxi- 
cal. Survey of the published data shows that in "normal" specimens there are al- 
ways observed to a greater or lesser extent the properties of "abnormal" specimens. 
It would be desirable to determine whether these anomalous features are the same 
as those reported on by Gorban'. 


2. One should carry out a parallel investi 


gation of the photoelectric and 
luminescence effects. 


Of great interest is the question of photoconductivity in 
cuprous oxide specimens in the state of negative temperature quenching. It would 


ee 


seem that the absorbed energy that is not expended on luminescence should yield 
some sort of special ''cold" photoconductivity. If this is not the case, then 

one must find some other explanation for the strange effect of "quenching by cold”. 
It would be expedient to carry out the photoelectric measurements of "cold" photo- 
conductivity by the capacitor procedure with single light pulse excitation. 


ROLE OF IMPURITIES IN THE LUMINESCENCE OF MOLECULAR CRYSTALS AT LOW TEMPERATURES 
(Review of work performed at the Institute of Physics of the 
Ukrainian SSR Academy of Sciences) 


- M.T. Shpak 
Introduction 


The luminescence properties of molecular crystals are widely utilized in 
science and engineering. The question of the nature of their luminescence, how- 
ever, still remains open. Numerous investigations ( a review of recent studies 
in the field will be found in Ref.1) show that the luminescence of molecular crys- 
tals is, as a rule, connected with defects of the crystal lattice, which may be 
formed by minor extraneous additives or impurities, that are impossible to elimin- 
ate by the usual purification procedures, or other disturbances of the crystal 
lattice, for example, dislocations, which are always present in actual crystals. 
Thus it has been established that the long wavelength luminescence of phenanthrene 
is due to anthracene impurity2, the luminescence of tolan and dibenzyl to stilbene 
impurity?»4 the luminescence of naphthalene to B-methylnaphthalene and B-naphthol 

_impurities®-8, Only in the case of crystalline naphthalene (see below) has there 

' been observed luminescence that in view of its behavior and regularities may be 
termed true intrinsic luminescence of the crystal. Discovery of these facts stimu- 
lated a number of special investigations of the spectral properties of molecular 
crystals containing impurities. 

For purposes of investigation at the Institute of Physics there were chosen 
a) simple polynuclear aromatic compounds (diphenyl, terphenyl, quaterphenyl, etc.), 
b) compounds with benzene groups linked by carbon atoms extraneous to the ring (di- 
benzyl, stilbene, etc.), c) compounds with condensed benzene groups (naphthalene, 
anthracene, phenanthrene, etc.), and d) derivatives and deuterated forms of some 
of the above substances. The introduced impurities were substances of the same 

classes. 

Below we shall deal only with the spectra of substances dissolved in crystal- 
line solvents. 

: The investigations were carried out, as a rule, on single crystals. In most 
cases the crystals were grown from the melt in special quartz cells (d ~ 1-300 yy). 
For obtaining the absorption spectra of the crystals in polarized light the ex- 
perimenters used a microprojector consisting of a quartz lens, mounted near the 
sample, and two polarizers, mounted on the optical bench of the spectrograph. One 
of the polarizers was usually a large crystal of colorless calcite, which made it 
possible to project two light beams with mutually perpendicular electric vectors 
on the slit of the spectrograph. In investigating the luminescence spectra the 
analyzer was a Glan-Thomson prisn, which was mounted in front of the spectrograph 
slit. In the case of measurements at liquid nitrogen temperature (779K) or at 
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liquid hydrogen temperature (20.4°K) the specimens were placed in a special metal- 
lic cryostat. Unless otherwise noted, the data given below pertain to the results 
obtained at liquid hydrogen temperature. The concentrations of the initial solu- 

tions were determined from the spectra of the solutions in ethyl alcohol; the con- 
centrations in the crystals were evaluated qualitatively from the absorption spec- 
tra of single crystals of the same thickness. 


1. General Characteristics of Molecular Crystal Spectra 
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The absorption bands of strongly absorbing compounds (stilbene, tolan, an- 
thracene, etc.) are relatively wide (50-100 cm7!) even at liquid hydrogen tempera- 
ture. In contrast to this, the absorption spectra of these substances as impuri- 
ties usually consist of very narrow weakly polarized? bands, which form series 
analogous to the series observed in the absorption spectra of vapors of the cor- 
responding substances. This structure of the spectra makes it possible to carry 
out electrovibrational analyses thereof. Such analysis, in particular, shows 
that the vibrational frequencies of one and the same molecule in different sol- 
vents are nearly the same (for example, stilbene in dibenzyl and stilbene in 
tolan; naphthacene in dibenzyl, in diphenyl, in terpenyl and in tolane, etc.). 
The polarization of the impurity absorption bands shows that the impurity mole- 
cules incorporated into the host crystal lattice are generally regularly oriented 
relative to the crystallographic axes. In some cases the impurities form complex 
molecules or even oriented or nonoriented crystallites in the solvent crystal. 


2. Nature of Impurity Centers 


The spectra of impurity crystals are generally multiplet in character, i.e., 
they can be represented as the result of superposition of several series, the 
initial bands of which coincide in the absorption and luminescence spectra. The 
intensity of individual series in the luminescence spectra vary independently 
with variation of the impurity concentration, the temperature and the conditions 
of preparation of the crystals. Of particular interest are the spectra of mono- 
substituted derivatives of naphthalene in naphthalene. ® Each of these spectra 
consists of two identical band series with corresponding members shifted a con- 
stant interval Ay relative to each other: Ay = 355 cm! for Q-methylnaphthalene, 
137 cm) for B-naphthol, and 376 cm! for Q-naphthol. The vibrational frequen- 
cies of the series generally agree with the frequencies from the Raman spectra 
of the corresponding substances. In some cases increase of the temperature (q- 
methylnaphthalene in naphthalene) or increase of the concentration (B-naphtol in 
naphthalene) leads to the disappearance of one or more series. This behavior of 
the series indicates that upon introduction of impurity molecules into a solvent 
crystal there form spatially separated impurity centers of different types. In 
the case of solutions of mono- and disubstituted derivatives of naphthalene in 
naphthalene the nature of the impurity centers can be correlated with the struc- 
ture of the solute and solvent substances. Inasmuch as the molecules of mono- 
substituted naphthalene derivatives do not have an inversion center, which is 
present in the naphthalene molecule, according to Kitaigorodskiil0,11, it may be 
assumed that the luminescence centers are complicated complexes consisting of 
at least two molecules, which in conjunction have an inversion center. A similar 
effect is not observed in the case of solution in naphthalene of molecules posses- 
sing an inversion center. The spectra of 2,6-dimethylnaphthalene in naphthalene!2 
of anthracene in naphthalenel3, of naphthacene in naphthalenel4, of naphthalene 


in pent cronephthalenesd and of naphthalene in durenel5, all consist of single 
series. 
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The quantum mechanical theory of absorption and luminescence of molecular 
crystals in which the impurity molecules are arranged in pairs with the separa- 
tion between pairs assumed to be much greater than the separation between the 
molecules of a pair, predicts a number of effectsl& (in particular, strong polar- 
ization of the bands in the absorption and luminescence spectra of the impurities) 
which still require experimental verification. 

In the case of solutions of stilbene in tolane the differences in the struc- 
ture of different centers are apparently connected with the fact that the stil- 
bene molecules, which have a bend in the bridge linking the benzene rings, can 
readily deform in the host lattice, which leads to the formation of several dif- 
ferent types of incorporated molecules. An interesting distinctive feature of 
the absorption of stilbene in tolane is that there are observed two types of ab- 


sorption spectra differing markedly from each other as regards polarization of 
individual corresponding bands. 


3. Role of Defects 


In the spectra of a number of a number of crystals there are observed at the 
long wavelength edge of the intrinsic absorption - sometimes at a distance of 
several hundred cm=1 - very weak bands of variable intensity and frequency, which 
coincide in frequency with the shortest wavelength bands of the corresponding 
luminescence spectra. In the spectrum of anthracene there are observed six such 
bands!7, and in the spectrum of phenanthrene three pands!8, In the spectrum of 
stilbenel? at the edge of the intrinsic absorption there are evinced over 40 weak 
bands, most of which apparently belong to impurities. The shortest wavelength 
group of bands is analogous to the bands that are observed in the spectra of 
anthracene and phenanthrene. Noteworthy features of these bands are that they 
have the same polarization relationship in the absorption and luminescence spec- 
tra29,21 and are the initial bands of independent series in which one can dis- 
tinguish the characteristic frequencies of the intramolecular vibrations of these 

substances. The variability of the individual bands and series is enhanced by 

‘heat treatment of the stilbene crystals. The above-mentioned attributes of the 
spectra cannot be explained by transitions in an ideal crystal lattice and must 
therefore be connected with the presence of defects in actual molecular crystals. 


4. Mirror Symmetry 


The bands in the absorption and luminescence spectra of impurities, corre- 
sponding to both purely electronic transitions and to combinations thereof with 
molecular vibrations are almost always accompanied by groups of satellite bands 
of different intensity. Careful analysis of these bands in the region of the 
‘band of the purely electronic transition of anthracene impurity in 9,10-dihydro- 
anthracene22,23 showed that there obtains mirror symmetry in the arrangement of 
the satellite bands relative to the purely electronic transition band. This indi- 

cates that the satellite bands belong to discrete impurity centers of the same 

type and are the result of coupling between intramolecular transitions and vibra- 
tions of the solvent lattice. Such coupling may occur either with phonons or 
with local vibrations, arising as a result of introduction of impurity molecules 
into the host lattice. 

Separation of the lattice modes is hampered by the fact that the bands cor- 
responding to them are separated from the nonphonon transition bands by distances 
that do not correspond to the limiting frequencies of the crystal modes. Hence, 
utilization of the fact of mirror symmetry in the location of the satellite bands 
“is at present the only spectral method for distinguishing lattice vibrations in 
the spectra of molecular crystals containing impurities. 
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5. Polarization of the Absorption Bands 


Strongly polarized absorption bands that are similar in appearance be the 
exciton absorption bands of pure crystals were first observed by Davydov’ in the 
absorption spectrum of stilbene in tolane*. It is significant that the most in- 
tense series in the complex luminescence spectrum of stilbene in tolane begins 
with a band that coincides in frequency with the strongly polarized band in the 
absorption spectrum. Later, sharply polarized bands were observed in the absorp- 
tion spectra of other substances: anthracene in 9 ,10-dihydroanthracene23, naphtha- 
cene in stilbene, tolane and para-ditoly124. 

Increase of the impurity concentration usually leads to smearing out and 
broadening of the bands in the impurity absorption spectrum. In the case of solu- 
tions of naphthacene in tolane and stilbene in para-ditolyl increase of the impuri- 
ty concentration leads to the appearance of sharply polarized bands in the spectra. 
Possibly this effect is connected with the formation of superstructure in these 
crystals at high impurity concentrations. 

Of particular interest is the case of mutual solutions of ordinary hydrocar- 
bons with their deuterated forms. In investigating the absorption spectra of 
mixed single crystals of isotopically substituted benzenes it was found25 that 
the splitting of the pure electronic transition into two sharply polarized bands, 
peculiar to the spectra of pure crystals of benzene and hexadeuterobenzene, per- 
sist in the spectra of the mutual solutions with differently deuterated molecules. 
The magnitude of the splittings are proportional to the intensities of the corre- 
sponding transitions and are strongly dependent on the concentration of the re- 
sponsible components. This behavior of the spectra indicates that in the investi- 
gated substances there form special states that might be called impurity exciton 
states. 

The origin of the sharply polarized bands in the absorption spectra of im- 
purities in organic crystals has not been fully clarified. Only the case when 
the impurity absorption bands are located near the intrinsic absorption edge has 
been considered theoretically. 26 According to this theory, one cannot speak of 
absorption of light by only impurity molecules in cases when the excited levels 
of these molecules are close to the exciton bands of the solvent crystal: light 
in this case is actually absorbed by a whole group of molecules which includes 
the impurity molecule and the neighboring host crystal molecules. This can lead 
to either increase or decrease in the intensity of absorption of light by the im- 
purity molecule as compared with its absorption in the isolated state. Under 
certain conditions, i.e., with excitation of certain levels, the impurity absorp- 
tion bands will be evinced only in one of the components of the spectra, that is, 
they will be sharply polarized. 


6. Effect of Additional Impurities 


When there is introduced into a molecular crystal already containing some 
impurity a new, second impurity, the spectrum of the first impurity usually under- 
goes significant changes. It has been shown, for example, in the case of naphtha- 
cene in dibenzyl27-30 (the concentration of the components comprising the mixed 
crystal was varied from 0 to 100%; the naphthacene concentration was of the order 
of 0.01 to 0.05% by weight and remained constant) that the introduction into this 
system of stilbene or tolane impurity in increasing concentration leads to shift 
splitting, and smearing out of the bands in the absorption and luminescence — 
tra of naphthacene and also to changes in the degree of their polarization. Simi- 
lar behavior has been observed for other substances, as for example, naphthacene 
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in the stilbene-tolan system? , 


These changes are connected with the fact that increase in the concentration 
of the additional impurity leads to changes in the crystal field about the mole- 
cules of the first impurity owing to deformation of the solvent lattice. Essenti- 
ally the additional impurity leads to the formation of a new, different solvent 
crystal. This fact must be taken into account in attempting to identify impuri- 
ties in crystals from their absorption and luminescence spectra. The above argu- 
ments also pertain to some extent to the case when the concentration of one and 
the same impurity is increased, inasmuch as increase in the number of lattice 
disturbances about the impurity molecules as a result of introduction of addition- 
al molecules has the effect of altering the crystal lattice in the neighborhood 
of the earlier incorporated impurity molecules. 


7. Nature of the Luminescence of Molecular Crystals 


In order to understand the nature of the luminescence of molecular crystals 
one must first determine whether these crystals have an intrinsic luminescence. 
This problem proves to be rather difficult inasmuch as all known methods of puri- 
fication are not 100% effective, and there need only be some hundredths or even 
thousandths of a percent of impurity in the host crystal for emission to occur at 
low temperatures from the low-lying excited levels of the impurity molecules. As 
noted above, the familiar luminescence spectrum of crystalline naphthalene is ac- 
tually due to the presence in it of B-methylnaphthalene impurity. In the lumines- 
cence spectrum of crystalline naphthalene purified of B-methylnaphthalene by the 
method of zone melting, in addition to impurity luminescence there was detected® 
a weak band polarized in the a direction (A band) with y = 31 480 + 3 cm=!, which 
is virtually the frequency of the strongly polarized A, band in the absorption 
spectrum of the crystal3l. The intensity of the A band increases with increasing 
purity of the samples. At 77°K there appears in the luminescence spectrum a new 
band with Y = 31 623 + 5 cm7! (B-band) which is polarized in the ) direction and 
coincides in frequency with the sharply polarized B] band in the absorption spec- 
‘trum at 77°K. Further increase of the temperature leads to smearing out and par- 
tial depolarization of the A and B bands and also to the appearance of two short 
wavelength bands, one of which is located in the region of the sharply polarized 
Ag and Bg absorption bands of naphthalene. 

If we assume that the strongly polarized A, and B, bands are components of 
Davydov splitting of the 0—0 transition32, these results can be explained as 
follows. The light energy absorbed by the crystal is transferred by electrons 
migrating through the crystal from the host lattice to the impurity molecules, 
where radiation occurs. With increasing purity of the crystal the probability of 
excitons encountering impurity molecules obviously decreases, which leads to the 
appearance of luminescence associated with transitions from exciton states to the 
ground state, i.e., to the appearance of a sharply polarized intrinsic or exciton 
luminescence of the crystal. The temperature dependence of this luminescence can 
be explained on the basis of the hypotheses advanced by Broude, Prikhot'ko & 
Rashba-. 


Conclusions 


Interpretation of the above described experimental data is far from complete. 
So far there has been no theoretical investigation of the influence of the crystal 
lattice on the spectra of the molecules incorporated in it. At present, only a 
few of the observed effects can be reliably explained and at that, for the most 
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part, only qualitatively. In particular, it may be asserted that the role of ex- 
citons in molecular crystals at low temperature reduces mainly to transfer of the 
excitation energy from the host lattice to impurity centers and defects. On the 
other hand, so far it has proved impossible to establish any consistent dependence 
of the solute (impurity) spectra on the crystal lattice and properties of the sol- 
vent, although there have been accumulated extensive data on the spectra of impuri- 
ty crystals, including data gained from special investigations of spectra of solu- 
tions of naphthacene and anthracene in crystals of organic compounds the proper- 
ties of which are known to vary in a regular manner (polyphenol series) .33,34 

In conclusion, it may be noted that investigation of the absorption and lumi- 
nescence spectra of molecular crystals incorporating extraneous molecules in their 
lattice yields valuable information on the energy structure of molecular impuri- 
ties, on the character of incorporation of impurity molecules, on the properties 
of solvent crystals and, mainly, on the nature of the luminescence of an exten- 
sive class of organic crystals. Such data can be utilized for increasing the ef- 
ficiency of organic luminophors and scintillation counters. 


Institute of Physics, 
Academy of Sciences of the Ukrainian SSR 
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DISCUSSION 


A,.F.Prikhot'ko: The method of investigating the spectra of complex organic 
molecules in solution at low temperatures has gained general acceptance. Its fur- 
ther development - the use of crystals as the solvent - has led to a number of new 
discoveries and improved analytic procedures. 

In experiments on crystals with impurities at very low temperatures there was 
discovered the effect of common resonance excitation of the impurity and the crys- 
tal and it was found that the emission of radiative energy at defects and impuri- 
ties frequently masked the intrinsic luminescence of the crystal. Experiments 
have demonstrated that there occur substantial changes in the spectrum with in- 
crease in the number of impurities. 

In detailed investigations of the spectra of crystals containing similar 
molecules as impurities (for example, deuteroderivatives of benzene in the ben- 
zene lattice or in the hexadeuterobenzene lattice) there has been demonstrated 
the existence of an "impurity" exciton - excitation of the impurity with the at- 
tributes characteristic of exciton excitation. 

, The method of investigating the luminescence of crystals with impurities at 
low temperatures is useful and important for studying processes in crystal phos- 
phors and gaining an understanding of the mechanism of their luminescence. 
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PIEZOSPECTROSCOPIC EFFECT IN ANISOTROPIC CENTERS IN CUBIC CRYSTALS 
- A.A. Kaplyanskii 


Complex anisotropic centers constitute a common type of defect in cubic crys- 
tals. The anisotropy, which means that the center has a preferred direction, may 
be due either to anisotropy of the structure of the center encompassing several 
sites (multiple defects of the type of complex color centers in alkali halide 
crystals) or to anisotropy of position, when a simple’ center is located in the 
lattice at a point characterized by a lower degree of symmetry (for example, in 
an interstitial space or in a site with noncubic point symmetry). In such cases, 
owing to regularity of the lattice, the center axes N are. oriented along several 
symmetry axes of the crystal (3C,, 4C, or 6C,). From the optical standpoint aniso- 
tropic centers behave like correspondingly oriented linear (x) or angular (c) dipole 
oscillators, either electric (m., o-) or magnetic (1m, Sm). Anisotropic centers in 
cubic crystals are associated with a number of interesting optical effects, in 
particular, with polarized luminescence and anisotropic photochemical transforma- 
tions (see review by Feofilov!). 

The present report is devoted to consideration of a new effect peculiar to 
anisotropic centers in cubic crystals; we call this the "piezospectroscopic ef- 
fect’. In a sense this effect sharply limns the distinctive characteristic of 
such anisotropic centers, which means that investigation of the effect can yield 
valuable information on the centers. The piezospectroscopic effect may be briefly 
described as follows: when the crystal is subjected to appropriately directed uni- 
axial compression (or elongation), there appears in the spectrum of the centers a 
reversible splitting of the characteristic bands into several polarized components} 
the character of the splitting is essentially anisotropic and depends on the strain 
direction. The cause of this effect is to be sought in the different change in 
the energy level scheme of the given group of centers, which being oriented in the 
lattice in several (12/") equivalent crystallographic directions C,, are located 
in different ways relative to the deformation axis P. Thus each of the components 
of splitting in the spectrum of a unidirectionally stressed crystal is associated 
with a group (or number of groups) of centers oriented in a certain fashion rela- 
tive to the compression axis. 

Earlier2,3 we carried out an analysis and calculation of the principal char- 
acteristics of the band splitting in the spectra of anisotropic centers: the multi- 
plicity, the polarization of the components and the magnitude of the splittings 
for cases of elastic uniaxial compression of the crystals along different order 
Symmetry axes: P||C,, P||C, and P||C, (the levels of the individual centers were 
assumed to be nondegenerate). The multiplicity of the splitting can readily be 
determined from purely geometric considerations, since it is equivalent to the 
number of different positions of the axes of the centers having a given orienta- 
tion relative to the deformation axis. As our calculations showed, the multiplici- 
ty of the splitting for P||C,, P||C,; and P||C, is wholly determined by the orienta- 
tion of the centers in the lattice. Evaluation of the polarization was based on 
calculating for each of the splitting components of the electromagnetic field due 
to the group of centers corresponding to the given component, the centers being 
modeled by classical oscillators of different types. The state of polarization 
of the splitting components is determined in all cases exclusively by the multi- 
polarity of the optical (radiative) transitions corresponding to the spectrum 
bands. Calculations of the magnitude of the splittings were carried out on the 
assumption that the shift of the levels (or change in the transition energy) in 
individual centers in an elastically strained lattice can be represented in the 
form of a linear function of the components of the lattice stress (or strain) ten- 
sor. It follows from considerations of symmetry that this dependence for Na ee 
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and V iC; contains two and for N\\C, three independent coefficients characteriz- 
ing the interaction of the centers with the lattice. Whence we were able to ob- 
tain the magnitude of the splittings of the bands for any given deformation of 
the crystal and in particular for uniaxial compression, expressing these split- 
tings in terms of two (N|[Ci, NV || Cs) or three (N | C2) "piezospectroscopic" paramet- 
ers. Thus investigation of the splittings of the spectrum bands of anisotropic 
centers under uniaxial compression of the crystals allows of unambiguous deter- 
mination of the orientation of the centers, the multipolarity of the optical 
transitions in them and the "piezospectroscopic" parameters, i.e., allows of ob- 
taining the data essential for understanding the structure of the center, the 
quantum scheme of its levels, and the character of the interaction of the center 
with the lattice. 


LiFA6904) — CaF,s€u(A957354) For purposes of experimental investigation?»5, 


- we used x-irradiated LiF crystals, which therefore 
Pil, contained luminescent color centers that have nar- 
rt i row absorption® and emission’ lines in the visible 
| Pa; if | part of the spectrum, and CaFo9 crystals activated 
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+ with trivalent rare earth ions TR3*, which have line 


Pil, spectra’. We studied the effect at 77°K of uniaxial 
10 oe compression along the symmetry axes C,, C3 and C, 
as regards the spectra of the crystals observed in 
Diagram of polarized split- the direction L perpendicular to the compression 
ting of the spectrum bands axis P. It was established that as a result of de- 
of anisotropic centers in formation a number of lines in the luminescent spec- 
uniaxially stressed LiF and tra of LiF, CaFo:Eu and CaFo5:Sm undergo reversible 
CaFo5:Eu crystals. splitting into a number of polarized components, 


and that the character of the splitting depends sig- 

nificantly on the direction of compression. The variation of the magnitude of 
the splitting with the uniaxial compressive stress is in all cases virtually line- 
ar. In the accompanying figure by way of example we show the splitting scheme 
for the lines of LiF (\ = 5698 A) and CaFy:Eu (\ = 5735 A). In the diagram we 
have indicated the multiplicity of the splitting of the lines for P| (,, P || C, and 
P\\C., the magnitude of the splittings under a compressive stress of 10 kg/mm, 
and the polarization of the splitting components in cases when these components 
are observed only in the states of polarization with FE || Por EPS 

The experimentally observed splitting pattern is in good agreement with the 
results of calculation. From comparison of the experimental with the calculated 
data it was established that the centers responsible for the line luminescence of 
colored LiF and CaFo:Eu and CaFo:Sm crystals are anisotropic and oriented along 
the axes 6(: (LiF) and 4Cs (CaFo:TR3t). We also determined the multipolarities 
of the transitions associated with all the investigated lines: for all the lines 
of LiF and the 5735 A and 5282 A lines of CaFo:Eu - %, for the 5710 A line of 
CaFo:Sm - % , for the 5808 A line of CaF9:Eu, and for 5720 A line of CaFo:Sm - %m 
“Where there were available the results of earlier determinations by other methods 
(for example, CaF9:Eu erystalst» 9) we found good agreement with our results. The 
, magnitudes of the shifts of the split components for the three directions of com- 
pression (7 quantities for LiF and 5 for CaF 9:Eu) were also found to satisfy the 
deduced formulas for centers with NV ||C, and NV || C;, containing only three and two 
independent parameters, respectively. On the basis of the deduced values of the 
-"piezospectroscopic’’ parameters we drew certain inferences regarding the interac- 
tion of the centers with the lattice and calculated the shifts of the bands under 
hydrostatic compression and their temperature displacements, all of which proved 
to be in good agreement with the experimental results. 
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Thus the experimental results obtained for crystals with two such different 
types of centers as color centers in LiF and TR3t+ ions in CaF, substantiate the 
results of our calculations regarding the behavior of the spectra of anisotropic 
centers in a uniaxially stressed crystal. The calculations performed and the ex- 
perimental data, which agree with the results of these calculations, clarify the 
principal regularities of the piezospectroscopic effect in anisotropic centers 
in cubic crystals. The fact that our experiments brought out important character- 
istics of the centers in LiF and CaFy crystals showed that investigation of the 
piezospectroscopic effects is a valid means for studying anisotropic centers in 
cubic crystals. 

In conclusion, it should be noted that the above described influence of uni- 
axial compression on the spectra of local anisotropic centers in cubic crystals 
is only a particular case of piezospectroscopic effects in crystals. These ef- 
fects, which consist of splitting in the spectra of crystals under elastic strain, 
have as their common cause removal of degeneracy of the energy states in crystals 
under elastic deformation tending to lower the degree of symmetry of the crystal. 
These effects in principle should be common and should be observed in the spectra 
of crystals various kinds, wherein they may be associated with intrinsic states 
of the crystals (bands, exciton levels) or with different types of local levels. 
Investigation of the piezospectroscopic effects, as is demonstrated by the above 
consideration of the case of anisotropic centers and by the results of investiga- 
tion of the influence of deformation on the long wavelength absorption edge of 
Cug0 (Ref.10), can yield valuable information on the energy structure of crystals. 
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MECHANISM OF ENERGY STORAGE BY CRYSTAL PHOSPHORS 
- Ch.B.Lushchik, G.G.Liid'ya & I.V.Yaek 


Energy storage by crystals is important where certain practical applications 
of phosphors are concerned. This phenomenon can be divided into three stages: 
1) the process of creation of the long-lived excited state, 2) prolonged mainten- 


pice or preservation of the excited state, and 3) final de-excitation of the crys- 
al. 


Prolonged preservation of the excited state 
ee ech tec state 


Present day concepts regarding the second stage of energy storage by crys- 
tals are the most clear cut and are probably close to reality. Blokhintsev! show- 
ed that the electrons and holes appearing as a result of excitation are localized 
(trapped) at lattice defects that are located at appreciable distances from each 
other. Owing to this separation of the defects direct recombination is impossible 
and a necessary conditions for de-excitation of the crystal is release of the 
electrons or holes from the trapping centers. The necessary degree of separation 
for F and V centers in alkali halide crystals is approximately 10 lattice con- 
stants; with smaller separations tunnel recombination occurs. Earlier2 we demon- 
strated that the second important condition for prolonged preservation of the ex- 
cited state is low mobility of the defects serving as traps for the electrons and 
holes. This condition is not fulfilled in liquids; it is also not fulfilled in 
ionic crystals at temperatures exceeding half the melting temperature. Intense 
ionic diffusion mitigates against prolonged maintenance of the excited state. Ex- 
periments have not substantiated Seitz's hypothesis? that there may exist long- 
lived (t > 1 sec) metastable states of impurity ions4-§, 


Mechanism of creation of color centers in crystals 


Most authors treat the first stage of the above mentioned phenomenon, namely, 
the creation of electron and hole color centers, in a simplified manner, i.e., 
view it as direct capture of the quasi-free electrons and holes appearing in the 
irradiated crystal by the lattice defects inevitably present in every crystal. 
Investigation of the processes of creation of even the simplest centers, such as 
F centers, shows that the mechanism is appreciably more complicated. As has been 
repeatedly noted2,?’ one must take into account not only electron-hole processes 
but also exciton, sensitization, ionic and other effects. 

It is known that in the absorption spectra of activated alkali halide crys- 
tals there may be distinguished at least three distinct characteristic regions: 
1) activator absorption bands (ac region), 2) exciton absorption bands (ex region), 
and 3) a region irradiation in which gives rise to electrons e and holes p (ep 
region). Using monochromatic radiation of different frequencies one can produce 
essentially different elementary excitations of the crystals and determine their 
role in producing color centers. Even the first semiquantitative experiments 
- showed that different electron (F,M,N,0,Z, and different activator) and hole (Vi, 
Vg, etc.) color centers are produced with excitation of crystals in all the three 
above-mentioned spectral regions.” We hypothesized that there exist at least 
three different mechanisms of color center creation in crystals. To check this 
we measured the spectral characteristics which we call the spectra of creation 
of color centers".14 Specifically, we measured the number of color centers, for 
example, nr, the number of F centers, produced in a previously unexcited crystal 
by equal numbers of photons of different frequency. The value of ny could be 

evaluated either by measuring the absorption!5 , since *r ~ nz, or it could be 
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determined by somewhat more sensitive methods, 

namely by measuring the intensity of lumines- 

180 220-260 ___—«200 uo my cence photostimulated in the F region16,17 or 
oa ie 


i (rena [oa the photostimulated electron emission from the 
Som A. a hkCteCa,Tt “R\ | KBr-Ga F centersl8, 


By way of example, in Fig.1 we show the 
absorption spectra (1) and the spectra of crea- 
tion of F centers (2) for KC1:Ca:Tl, KBr:Ga, 
KBr:In and KBr:Tl phosphors. For the first 
phosphor the center creation spectra were mea~ 
sured by the absorption method; for the other 
phosphors - by the luminescence method. Data 
obtained by the electric method will be found 
in Ref.18. The spectrum of F center creation 
encompasses the activator absorption region, 
corresponding, according to the data of Ref.19, 
to 1S,—'P, electron transitions in the Gat, 

Int and T1*+ ions. Excitation of alkali halide 
phosphors with these ions in the region of the 
short wavelength activator absorption bands 
leads to decrease in the intensity of these 
bands (effect of negative excited absorption?29, 21). 
The spectra of creation of this effect in KCl: 
:Ca:Tl and KBr:Sr:Ga phosphors are located in 
the region of the absorption band corresponding 
to 1S, 'P, electron transitions in the T1+ and 
Gat ions. In KBr:Pb the effect appears only in 
Fig.1. Absorption spectra (1), F case of irradiation in the ez region. This ef- 
center creation (2), creation of fect is at least partially connected with the 
negative excited absorption (3) appearance of atomic centers (for KC1:Ca:Tl 
and creation of activator centers j* = 285 mu). Our data indicate that the IP 
(4) spectra for alkali halide states of monovalent impurity atoms can be "“de- 
crystal phosphors. localized" with some probability, subsequently 
giving rise to F and V centers in the host crys- 
tal. This effect can be connected with mixing of the wave functions of the acti- 
vator ions and the host ions. 22,23 

The spectrum of F center creation in KI:Tl phosphor, measured by the lumines- 
cence procedure, is shown in Fig.2. F centers are produced not only with illumi- 
nation in the ac region but with even higher efficiency in the ex (~220 my) and 
ep (~190 mu) regions. The difference between the spectra of excitation of opti- 
cal flash and the spectra of excitation of recombination phosphorescence24 for 
KI:Tl phosphor (Fig.2) indicates that different mechanisms are responsible for the 
production of F centers with illumination in the ex and ep regions. Thus our data 
indicate that there may exist two distinct mechanisms of F center creation: an ex- 
citon mechanism and an electron-hole mechanism. F centers may appear as a result 
of interaction of electrons and excitons with individual point defects in the lat- 
tice, with associations of such defects or with dislocations.? The cluster like 
distribution25 of F, M, N and O centers in KC1:Tl crystals excited in the ac and 
ex regions, the fact that photostimulated luminescence is not connected with the 
block edges (according to micro-optical studies28), and the accelerated coloring 
of crystals by ultraviolet radiation after preliminary photoexcitation and photo- 
bleaching of the crystals, all indicate that a significant role in the process of 
creation of F centers is played by interaction of elementary excitations with as- 
sociations of point defects. These defects are undoubtedly accompanied by ionic 
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Fig.2. Spectra recorded for KI:Tl (5°1072 mole percent Tl) phosphor: 1) absorp- 
tion spectrum, 2) excitation of steady luminescence, 3) excitation of recombina- 
tion phosphorescence, 4) excitation of optical flash, 5) steady luminescence emis- 
sion spectrum, 6) optical flash spectrum, 7) optical flash stimulation spectrum. 


processes. The dislocation mechanism of F center creation requires further in- 
vestigation. 


Mechanism of thermal and optical de-excitation of ionic crystals 


The third stage of the effect under consideration (de-excitation) was studied 
in detail in our earlier experiments. By means of a combination of optical and 
electrical methods (see, for example, Refs.6, 27-30) we succeeded in showing that 
thermal break-up of F centers in alkali halide crystals does not amount simply to 
the process of direct thermal ionization. In the case of NaCl, KCl and KBr crys- 
tals in the 100 to 300°K temperature region thermal break-up of F centers is con- 
nected with hole processes, while in the 400 to 500°K region it is connected with 
electronic processes, accompanied by displacement of ionic vacancies (ionic- 
electronic processes) . 31,32 Measurements of the spectra of optical bleaching of 
F centers indicate that these centers may be destroyed not only by direct photo- 
thermal ionization but also as a result of ionization of hole color centers inci- 
dent to encounters of excitons with the F centers and also owing to the effect of 
sensitized emission?3,34 (in transfer of energy to the F centers from other elec- 
tron color centers!9,2). Ultraviolet radiation of the same frequencies (in the 
ex and ep regions) may either create or annihilate F centers (see Refs.33 & 34). 


Alkali halide salts - typical crystal phosphors 


An obvious question is to what extent are the results obtained Ray ons 
ionic crystals applicable to phosphors of other classes. Investigation?,10,30 of 
the luminescence of alkali halide salts with excitation in the region of the funda- 
mental absorption of the crystal (ex and ep regions) show that many effects in 
these crystals occur essentially in same way as in Zns phosphors. 

The prompt (t « 1 sec) build-up of luminescence characteristic of alkali ha-~ 
lide phosphors is observed only with excitation in the ac region. With ez excita- 
tion of KI:Tl the fraction of lagging emission amounts to 10-20%. In this case 
the prompt component probably appears as the result of excitation of the lumines- 
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cence centers by exciton impact. °? With excitation in the ep region the lagging 
component of the luminescence amounts to at least 80-90%, i.e., is almost as great 
as in ZnS phosphors. With increase of the temperature the prompt component of the 
emission of KI:Tl is quenched in the 500 to 600°K region. This is typical batons 
al quenching of luminescence.38 The lagging component of the luminescence is 
quenched at appreciably lower temperatures (260 to 370°K). Thus, in alkali halide 
phosphors there is observed external thermal quenching of luminescence. When a 
luminescing KI:Tl phosphor is acted on by light in the region of the F band, there 
are observed different effects depending on the region of excitation of the phos- 
phor. With ac excitation irradiation in the F region does not affect the intensi- 
ty of the steady luminescence. With ep excitation there is observed quenching of 
some of the steady luminescence. With ex excitation there is evinced a new effect, 
namely, intensification of the steady luminescence. 

Many authors have emphasized the radical difference between the kinetics of 
relaxation processes in alkali halide as compared with ZnS phosphors. Our experi- 
ments showed that with ex excitation the kinetics of optical flash in KI:Tl is bi- 
molecular. Only with excitation in the ep and ac regions does the optical flash 
mechanism become monomolecular. Thus with excitation in the fundamental absorp- 
tion region alkali halide and ZnS phosphors do not differ greatly. A detailed 
description and discussion of the observed effects will be found in Ref.17. Here 
we only want to note that the results obtained substantiate the existence in al- 
kali halide salts, which are typical crystal phosphors, of distinctive electron- 
hole, exciton and "delocalized" processes leading to energy storage by the crys- 
tals. 
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EFFECT OF ISOSTRUCTURE ON THE SPECTRA OF ACTIVATED MIXED CRYSTALS 
- F.D.Klement & L.A. Teiss 


It is known that in a unit cell of a mixed crystal the individual components 
may be present in different proportions, the proportion in any given case being 
determined by the law of statistical distribution and the relative concentrations 
of the components. Cells of the same composition form isostructures. Activator 
ions located in centers with different isostructures should have different "indi- 
vidual" spectra, and the corresponding band of the phosphor should be complex. 

The present work was aimed at determining the effect of isostructure on the 
luminescence spectrum of KC1*KBr(Tl) phosphors. For every given ratio of KCl to 
KBr the luminescence band of the phosphor occupies a definite position between 
the locations of the bands in the spectra of the single-base material phosphors 
(306 mu for KCl and 324 my for KBr). But even at low temperatures the mixed phos- 
phor band does not exhibit structure. This may be explained by the close spacing 
of the elementary bands corresponding to different isostructures as compared with 
the intrinsic width of the entire band. 

We excited this phosphor in different narrow regions within the activator 
excitation band. If the luminescence band is a superposition of bands from cen- 
ters of different isostructures, there should be evinced a change in the shape 
of the band or some shift of its peak with change of the excitation wavelength. 
Fig.1 shows the short wavelength luminescence band of the phosphor 80 KC1*20 KBr 
(0.05 T1) with variation of the excitation from 240 to 265 mu. 

There is evident a distinct shift of the luminescence peak to the side of 
longer wavelengths as the excitation region is swept in the same direction. The 
successive positions occupied by the luminescence peaks span almost the entire 
range between the positions of these peaks in the spectra of the single host 
material phosphors, i.e., there are represented in the luminescence spectrum of 
the mixed crystals centers with different isostructures, including the extreme 
isostructure with six Br~ ions surrounding a Tl* ion. In addition, although the 
mixed base material contains only 20 mole percent KBr, the luminescence spectrum 
of the phosphor is much closer to the spectrum of the isostructure with a pre- 
dominance of bromine, while the band corresponding to pure KCl is absent. From 
this we concluded that the T1t is located mainly in isostructures with the great- 
est number of heavy Br™ ions. This agrees with the deductions arrived at in 
other ways (see Ref.1, for example). Lastly, we note the absence from the spec- 
trum of the mixed base phosphor of the second ultraviolet luminescence peak, which 
is characteristic of KBr(Tl) phosphor (even with only 50 mole percent KBr). 

Similar experiments were carried out using other proportions of KCl and KBr 
and also with base mixtures of NH4Cl + NH4Br; essentially similar results were 
obtained. For a 50 mole percent KBr content, the location of the luminescence 
band no longer depends on the excitation region and completely coincides with its 
location in the spectrum of KBr. In this case the number of "pure bromide" iso- 
structures is already so great that all of the Tl is located in then. 

If the activator concentration is increased when the KBr content is small 
(i.e., when there are few isostructures with predominant Br7 content), after fil- 
ling of the isostructures with 6 Br’, the thallium should begin to fill the iso- 
structures with 5 Br’, etc. 

This inference was confirmed by appropriate experiments. As will be evident 
from Fig.2, with increase of the activator concentration, the luminescence peak 
shifts to the short wavelength side, i.e., the amount of emission associated with 
centers with a higher Cl~ content increases. In these experiments the phosphors 
were excited with the same wavelength. We note that this activator concentratio 
effect was not observed for the one host component systems. i 
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Fig.1. Luminescence spectra of 80 KC1*20 KBr(0.05 T1) with excitation at differ- 
ent wavelengths: 1) 240 mu, 2) 245 mu, 3) 250 mi, 4) 255 mu, 5) 260 mu, 6) 265 mu. 
Fig.2. Luminescence spectra of 87 KCi:13 KBr(Tl) with different Tl con- 
centrations: 1) 0.0005, 2) 0.019, 3) 0.2 mole percent. 


The position of the luminescence band of the KCl1°KBr(Tl) phosphor correspond- 
ing to the 6 Br” isostructure coincides with the position of the luminescence band 
of KBr(T1) phosphor only when there is sufficiently high content of KBr in the 
mixed crystal. In the range of low KBr concentrations this band is shifted to 
the short wavelength side. This is explained not only by the influence of the 
nearest neighbors on the ion levels but also by the fact that for any given iso- 
structure the cell dimensions depend on the average value of the lattice constant 
of the given mixed crystal. 

The existence of isostructures of different composition in mixed crystals al- 
so serves to explain certain other phenomena, observed previously by other authors: 
the large width of the activator absorption and luminescence bands, as well as of 
the F-bands in mixed crystals, etc. Lushchik? demonstrated the effect of iso- 
structures on the width and shape of thermostimulated luminescence peaks. Spectro- 
scopic study of isostructures in mixed crystals, using rare earth activators, ap- 
pears especially promising. 3 


References 


1. N.I.Ivanova, Transactions of the Fifth Conference on Luminescence (Crystal 


Phosphors), p.93, Tartu, 1957. 
2. Ch.B.Lushchik, Trudy (Proceedings) , Inst. of Phys. & Astronomy, Estonian 


SSR Ac.of Sci., No.3, 173 (1955). 
3. A.K.Trofimov, Thesis, 1959. 


DISCUSSION 


M.U.Belyi: In our laboratory we carried out preliminary investigations of 
the absorption and luminescence spectra of mixted Tl + KCl + KBr solutions. Our 
results have much in common with the reported data on the analogous crystal phos- 
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phors, although I also note certain differences. Thus, in the case of mixed 
solutions, during variation of the concentration of one of the components (KCl 

or KBr), there always appears an intermediate absorption spectrum which is charac- 
teristic of absorption centers of only one type. However, in the case of lumines- 
cence of such solutions, there are observed two overlapping luminescence bands, 
associated with two different types of centers. Thus, these data indicate (and 
this assertion apparently may be extended, with some reservations, to the analog- 
ous crystal phosphors) that here the absorption spectra are determined by transi- 
tions in the Tl+ ion, the levels of which are deformed by the field of the neigh- 
boring Cl- and Br~ ions, while the luminescence spectra are affected by the speci- 
fic interaction of the Tl+ ions with the Cl~ and Br~ anions, resulting in the 
formation of two distinct types of luminescence centers. 


INVESTIGATION OF LUMINESCENCE PROCESSES IN ALKALI HALIDE PHOSPHORS 
- L.M.Shamovskii & P.A.Pipinis 


It was established! from the results of thermal stimulation and bleaching of 
x-irradiated phosphors as well as from analysis of optical stimulation of phos- 
phorescence that release of electrons from trapping levels is accompanied by lumi- 
nescence characteristic of the activator impurities. These data served as justi- 
fication for considering phosphorescence as the result of recombination of elec- 
trons with ionized luminescence centers. It was assumed that holes appearing in 
crystals in the process of excitation are trapped by activator ions, rob them of 
electrons and give rise to ionized centers.2 It has been shown by experiments? 
that holes are not capable of bringing activator ions to the ionized state. In 
connection with this result, there was advanced a new hypothesis4 that there may 
occur recombination of electrons with trapped holes and subsequent transfer of the 
released energy (by a resonance or exciton mechanism) to the activator. However, 
most hole trapping centers are either electrically neutral (Vj or Vo centers) or 
have an effective negative charge (V3 or X3 centers). Hence this recombination 
mechanism appears unlikely, particularly if one recalls the high quantum efficien- 
cy of alkali halide phosphors. 

There are in fact convincing indications of the opposite direction of the 
recombination processes resulting in luminescence. It was established that with 
all types of excitation of phosphorescence there form "atomic"’ centers. These 
centers form incident to localization (trapping) of electrons by the activator 
and are evinced in the absorption spectrum. ° In the process they acquire a nega- 
tive charge and therefore are more effective recombination centers for holes. 

It was shown that release of holes from V centers is sufficient for emission of 
the stored light sum, i.e., de-excitation of the phosphor.& In cases when the 
phosphorescence is stimulated by thermal dissociation of the donor levels (F cen- 
ters) , it is always accompanied by bleaching of the hole color centers (V] and V 
centers). It is entirely possible that release of electrons from trapping Le 

*The thermal bleaching curves for electron and hole trapping levels coin- 


cide and their derivative with respect to temperature corresponds to the thermal 
luminescence band, ? 
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leads only to their redistribution in 
deeper traps and the observed emission 
is due to hole recombination. 

For further investigation of the 
mechanism of recombination luminescence 
we used NaBr:In and KBr‘In phosphors; 
these were activated with the bromides of 
mono~ and trivalent indium in the process 
of growth from the melt. By way of il- 
lustration in Fig.l we show the thermal 
stimulation curves for NaBr:In phosphors 
excited by light in the activator absorp- 
tion bands at different temperatures. 

The classification of the glow peaks and 
their attribution to individual hole and 
electron trapping levels is based on the 
data of different authors’. Curve a cor- 
responds to NaBr: In3t phosphor (herein- 
after I); curve b pertains to NaBr:Int 
phosphor (II). Both the phosphors were 
excited at -1969, The dose of exciting 
light for II was 5 times greater than for 
I. It follows from the data of Fig.l 

1) that in phosphors excited at low tem- 


SASS FSR S F SESSS Srv peratures the thermal stimulation bands 
a correspond primarily to release of holes 
Fig.1. Glow curves for NaBr(In) phos- from traps and recombination of the holes 
phors excited by light in the acti- with atomic luminescence centers, 2) that 
vator absorption bands at different the indium activator ions are incorporated 
temperatures (PRK-2 mercury tube in the NaBr lattice without change of 
through a UFS-1 filter). 6 = dT/dt = valence; upon replacement of part of the 
= 10 degree/min. Nat ions by In3t ions there form in the 


crystal additional cationic vacancies? - 
trapping centers for holes; hence with identical doses of exciting radiation the 
light sum stored in I is 10 times greater than in II and corresponds almost en- 
tirely to Vo levels, and 3) that with increase in the density of trapped holes 
there is a corresponding increase in the concentration of donor levels; in I 
there is observed a thermal luminescence peak corresponding to M centers. 

If I is excited at -28° (i.e., above the limit of stability of Vy centers), 
there are observed two peaks in the thermal stimulation curve (curve c): at -8° 
and +26° (M levels). In the same phosphor excited at 36° (above the limit of 
‘stability of M centers) there is observed a thermal luminescence band peaking at : 
58°, which corresponds to the region of thermal ionization of F levels (curve d). 

Regardless of the conditions of photoexcitation the light sum is stored in 
the phosphor with trapping of the carriers at the same cationic and anionic vacan- 
cies, but in different proportions. This will be evident from curve e. Sample 
I was first excited for 4 min at 40° (above the level of stability of M centers) 
and then for the same length of time after cooling down to -196°. In this case, 
there are virtually no low temperature peaks evinced in the thermal stimulation 
curve. There are present only bands corresponding to the region of Ma tat break- 
up of the M and F centers and another wide put relatively weak band at 110”. 


*For comparison of the stored light sums the ordinates of curves c,d and e 
must be multiplied by 10 to equal the scale of curves 4 and b. 
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Consequently, after filling of the deep traps there remain no free vacancies 
in the crystal and it loses its ability to store light energy on shallow levels. 

After optical excitation of phosphors at low temperatures there are not ob- 
served in the glow curves peaks associated with ionization of F centers. It is 
usually assumed that localization of electrons in deep traps requires a certain 
activation energy and that consequently this process does not occur at low tem- 
peratures. 10 This restriction, apparently, does not apply to the investigated 
phosphors. Although F centers are not evinced in thermal luminescence, they do 
form in the process of excitation. In phosphor I after photoexcitation at -196° 
the entire stored light sum can be released by prolonged irradiation of the crys- 
tal with light in the F band (546 my) at low temperature. Simultaneously, with 
emptying of the shallow hole traps, the M centers are de-excited. It is signi- 
ficant that in the process there disappear not only the shallow acceptor levels 
but the deeper Vg centers which are entirely stable at low temperatures. The 
process of emptying the Vo centers is apparently connected with gradual redistri- 
bution of the holes from deeper to shallower traps, as the holes are released 
from the deeper traps in the process of de-excitation. Hence the process of 
emission of the light sum by photostimulation in the F band at low temperatures 
proceeds at a slow rate. 

The stimulating action of light in the region of the F band is intimately 
connected with the character (depth) of the hole trapping centers. If phosphor 
I is excited at -196° and then in the process of slow heating is periodically il- 
luminated with pulses in the F band, corresponding flashes of luminescence are ob- 
served up to -50°, i.e., as long as there exist Vp centers. If the same phos- 
phor is excited at 50° (above the limit of stability of Vo and M centers) lumin- 
escences flashes are observed up to 120°, inasmuch as in addition to F levels 
there also exist V3 centers in the crystal. Thus it would appear that release of 
electrons does not lead directly to emission of the stored light sum but only 
facilitates subsequent release of the holes from trapping levels and their recom- 
bination with atomic luminescence centers. 

The question was investigated further by carrying out a series of experi- 
ments on KBr phosphors excited by a 4-5 kv cathode beam. Then there were record- 
ed the thermal stimulation and exoelectronic emission curves. As will be evident 
from Fig.2, dissociation of the F centers corresponds to an appreciable exoelec- 
tronic emission (curve a). The luminescence in this temperature region is barely 
noticeable. The peak of the exoelectronic emission band corresponds to the begin- 
ning of the rise of the thermal luminescence curve. The highest luminescence in- 

tensity is observed after break-up of most of the 
F centers. The fact that the exoelectronic emis- 
8000 pulscs/sce sion precedes the luminescence in time and tempera- 
IS ture shows that ionized luminescence centers are 
not produced in process of excitation of the phos- 


” phor. Nor can the phosphorescence be identified 
205° with recombination of electrons with trapped holes. 
v fare For any variant of the electron recombination scheme — 
ee re the thermal stimulation peaks should appear in ad- 


¢-Fig.2. Comparison of thermoluminescence and 
exoelectronic emission (from the F band) 
curves for KBr:In phosphor excited by cath- 
ode rays at -155°. The upper curves are 
for a freshly prepared specimen; the lower 
curves for a "sensitized" specimen. 6 = 
= dT/dt = 10 degree/min. 
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vance of the exoelectronic emission band, 24 


centers leads only to redistribution of the electrons to deeper trapping levels. 
Such trapping centers are formed by activator impurities at defects.12 Emission 
of luminescence occurs at a subsequent stage as the result of release of holes 
from trapping levels and their recombination with atomic centers. Advance of the 
exoelectronic emission relative to the thermal stimulated luminescence is observed 
in phosphors with a relatively high activator concentration* and with high densi- 
ties ‘and doses of excitation. Under these conditions there form the deepest hole 
color centers owing to reactions of the Vote =V3 type.13 V3 centers are char- 
acterized by deeper trapping levels for holes as compared with the trapping levels 
for electrons in F centers. Release of electrons leads only to their redistribu- 
tion in deeper activator trapping centers. This process is nonradiative. The 
anionic vacancies forming can interact with V3 centers with the formation of shal- 
lower hole trapping centers: Vga+ve V4. Following this there occurs radiative 
recombination of free holes with atomic luminescence centers. The process of 
formation of shallow hole trapping centers is entirely probable inasmuch as V3 
centers and anionic vacancies differ as regards the polarity of their respective 
charge. However, the rate of this transformation is limited by ionic conductivi- 
ty. This explains the appreciable lag of the luminescence relative to the exo- 
electronic emission (by 25° or 2.5 min). 

In the process of excitation of crystals with a relatively high activator 
concentration there forms a high density of atomic centers, but a low concentra- 
tion of F levels.14 But the number of holes on trapping levels is always equal 
to the number of trapped electrons. Hence after thermostimulated emission in the 
band corresponding to release of electrons from the F levels and their recombina- 
tion with holes at luminescence centers there still remains in the phosphor part 
of the stored light sum, the part due to electrons trapped by the activator and 
holes localized on V3 levels. This part of the stored energy is released upon 
thermal dissociation of the V3 centers. The corresponding peak in the glow curve 
appears at 205°, No noticeable exoelectronic emission is observed in this ten- 
perature region. Consequently, the peak at 205° is connected with hole trapping 
centers and it cannot be attributed to thermal dissociation of atomic centers. 

If the KBr:In phosphor is excited at 1609, it still retains its ability to 
store excitation energy, although F centers are no longer stable at this tempera- 
ture. In this case there appear in the thermostimulation curve broad but rela- 
tively weak bands at 195 and 245°, These bands apparently correspond percents it 
cence owing to recombination of holes er aka from Vg or X3 levels an eir 

h atomic luminescence centers. 
Regie eo cess tation and de-excitation of phosphors leads to acre Abeta 
tion". With sensitization the Pate secs aaa slopes 7m Fa ate 
of ionizing radiation increases. uch sensitiz eRe a aerre 
luminescence (Fig.2): the peak in the region of the F band is enhan 
corresponding thermal luminescence SE Ep CO AE RSET LES 

eratures. may 
Lc eee fie ties ars ecated in the vicinity of V3 levels which have an excess 
ee ny eviacnt from the accompanying table, most towed canter erueagees in 
NaBr and KBr are characterized by deep trapping levels for c ie Ee ete Oe 
ly colored in alkali metal vapor or in a halide atmosp aaa 

OR UERE  tometepoead of at least 450-5009, 16,1 
tron or hole centers exist up to a temperature 


Obviously thermal break-up of the F 


*We have in mind the activator concentration taking into account he ee 
fici i ape its dual distribution. The concentration must be appreciable in sys 
cie 
tems with good mutual solubility of the components. 


me GY 


Evaluation of the carrier trap depths in KBr:In and NaBr:In phosphors 
from the thermal stimulation data 


Temp. of Character ; 
Trap depth Ben peak, |of trapping He panes 
aie oc center in ? 
= Meas \ 1 NaBr: In Se 
- — 186° Xo 0,419 = ils)" X2 OFS 
Be Vi 0523 —140° Vi 0,29 
— 130° Wie 0,29 SH)” ie O32 
— 100° 2 ORS = Yn ? 0,39 
20° V2 0,64* — 60° V2 0,40 
40° M 0,68 25° M 0,65 
425+ 135° Hi 0,86—0,88 ‘ates P Ont 
205° V3 4,03 HAO Vs 0,83 
245° A3 AAD 


*From datal® on the temperature dependence of the hole conductivity in 
additively colored KBr calculated E = 0.74 ev for Vo. 


Bleaching of such crystals is limited by ionic conductivity.17 

The same color centers are formed under the influence of ionizing radiation. 
Their stability, however, is sharply reduced because at the same time electron- 
hole recombination becomes possible. Bleaching of such crystals usually occurs 
upon release of electrons from the M or F levels, although thermally they are 
more stable than V centers. The release of only holes is not sufficient for 
bleaching, inasmuch as the electronic traps (except F' centers) do not have ex- 
cess charge and hence cannot serve as effective recombination centers for holes. 
Under these conditions the probability for retrapping of holes by cationic vacan- 
cies is substantially greater than the probability for their recombination with 
trapped electrons. 

With the introduction of an activator crystals undergo qualitative changes. 
In the process of their excitation part of the electrons are trapped by the acti- 
vator (on defects) and there form atomic luminescence centers with an effective 
negative charge. In these cases thermal dissociation of the V centers is suffi- 
cient for bleaching. § This process is accompanied by luminescence characteristic 
of the activator. The thermal stimulation bands are located at temperatures 
characteristic for dissociation of the holes trapping centers. Under these con- 
ditions there is emitted the part of the stored light sum corresponding to the 
number of electrons trapped by the activator. With liquidation of the atomic 
centers the stability of the Vo centers increases and emission of the stored 
light sum ceases. Upon further heating of the phosphor there begins dissociation 
of the donor levels. The electrons are redistributed from M or F levels to deep- 
er activator trapping centers. However, this stage of heating is not accompanied 
by emission (inasmuch as ionized centers are absent), but it stimulates release 
of holes from the Vg levels and hole recombination. 

In crystals with a low activator concentration and subjected to small doses 
of excitation there form a small number of atomic luminescence centers and a rela- 
tively high density of F centersl4, while V3 centers do not form. In such phos- 
phors an appreciable part of the light sum is emitted at temperatures correspond- 
ing to thermal break-up of the M and F levels.* Under these conditions the lumi- 
nescence is determined by the number of electrons entering the conduction band of 


‘| 
the crystal (I~— = = pn, where ” is the number of donor levels and pis the 


*The Vg levels do not limit the process of emission of the light sum inas- 
much as they are thermally less stable than M and F levels. 
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probability for their thermal release per unit time) , and the exoelectronic emis- 


: rI\ eee ( xd 
sion E(T) = pn exp (— ag/kT) -exp(— =) is limited by the work function for raising 


the electrons from the bottom of the conduction band and the probability for the 
electrons diffusing from the depth of the crystal reaching the surface of the crys- 
tal.11 Hence for such phosphors the thermal luminescence peaks appear before the 
exoelectronic emission peaks,1ll 

In crystals with a relatively high activator concentration and subjected to 
large excitation doses there forms a large number of atomic centers but a low 
density of F levels.14 Hence there are created favorable conditions for the for- 
mation of V3 and X3 centers. In this case release of electrons from the F levels 
is not sufficient for emission of the stored light sum (luminescence) , inasmuch 
as the holes are located at still deeper trapping levels. The thermal lumines- 
cence bands for such specimens are shifted into the region of higher temperatures 
and the peaks of exoelectronic emission from the F centers appear in advance of 
the corresponding thermal luminescence band. 

On the basis of analysis of the data on thermal luminescence, exoelectronic 
emission and optical flashing we have come to the conclusion that with all methods 
of excitation of phosphorescence the observed emission of the investigated phos- 
phors corresponds to the "hole recombination scheme". The luminescence centers 
are “atomic” centers. 


All-Union Institute for Mineral Raw Materials & 
Physics Faculty, Moscow State University 
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DISCUSSION 


Ch.B.Lushchik: The report presented by Shamovskii contains interesting ex- 
perimental material; in my opinion, however, some of the inferences drawn are 
not convincing. I believe that Shamovskii underestimates the role of electron 
recombination luminescence in activated alkali halide crystals. 

The appearance of optical flashes upon stimulation of an excited phosphor 
by radiation in the region of the F, M, N, O and other electron color center 
absorption bands is direct evidence of the existence of electron recombination 
luminescence. Flashing is observed even after cooling of the crystals excited 
at 300°K to 100°K. In this case all hole processes must be frozen and the in- 
genious variant proposed by Shamovskii cannot be realized. Evidence in favor 
of the possibility of electron recombination luminescence incident to thermal 
release of current carriers from trapping levels is furnished by the data ob- 
tained in Riga and Tartu on exoelectronic emission, on the sign of photopolar- 
ization of the crystal, on thermostimulated conductivity, etc. 

This does not, of course, mean that hole recombination does not occur in 
alkali halide crystals. Our experiments convincingly show that luminescence of 
activator ions can occur upon release of holes from trapping levels with their 
subsequent recombination with localized electrons. A significant role in this 
effect may be played by sensitized energy transfer from recombination centers 
to luminescence centers. E,V.Yaek, in Tartu, experimentally detected ‘sensitized 
fluorescence” of an NaCl:Fe:Mn crystal. 

One can propose for the results obtained by Shamovskii an alternative ex- 
planation from the standpoint of model schemes that do not require denying the 
existence of electron recombination luminescence. In comparing the data on ther- 
mal stimulation and exoelectronic emission it must be recalled that these proces- 
ses may have different topography. 

L.M.Shamovskii: In our report and in earlier communications (Second Confer- 
ence on Scintillators, 1957, Pub.Moscow, 1960) we noted that stimulated lumines- 
cence of phosphors is usually accompanied by pair bleaching of electron and hole 
color centers. Thermal and thermal-optical bleaching of donor centers facili- 
tates extinction of the light sums. In the process there is observed both exo- 
electronic emission and photo- and thermostimulated conductivity. However, all 
this is not sufficient for proof of the electronic scheme of recombination lumi- 
nescence, inasmuch as the same facts equally support the hole recombination mech- 
anism. Hence it became necessary to determine which of these two stages (releas- 
ing of electrons or of holes) leads to direct emission of the light sum, and which 
culminates only in redistribution of the carriers from trapping levels to lumines- 
cence centers. The hypothesis of electron recombination luminescence is dis- 
proved by the results of direct experiments: thermal dissociation of F centers 
does not stimulate phosphorescence if the holes are located on deeper trapping 
levels than the electrons. The results of our experiment cannot be explained on 


Say) = 


the assumption of retrapping of electrons. 

thermal stimulation and exoelectronic emissi 
ation of F centers, and aside from these cen 
any deeper donor levels. 


We investigated the processes of 
on in the region of thermal dissoci- 
ar : ters there do not form in crystals 
e course of th i 
are not observed exoelectronic emission Teese peiaey Nae an Mertts Se aie aaa 
Differences between the topography of exoelectronic emission and enema i 
luminescence are taken into account by Bohuntl, In the case of our specimens 
(characterized by a high activator concentration) this difference was of no sig- 
nificance inasmuch as the thermal dissociation of the F centers occurred in the 
entire volume of the excited phosphor layer, but this process was not accompanied 
by emission of the stored light sum. 
If the crystals are excited at room temperatures but de-excited at a lower 
temperature, the phosphorescence is greatly slowed down even if it is stimulated 


by irradiation in the F band. In this case the emission is limited by release 
of trapped holes: / ~ n, pe*/*T. 


CONCERNING THE MECHANISM OF OPTICAL FLASH DECAY 
- I.A.Parfianovich & E.I.Shuraleva 


Detailed investigation of the decay of the optical flash, which is the re- 
sult of recombination of free electrons with ionized luminescence centers, in 
alkali halide phosphors shows that for proper description of the kinetics of the 
process it is not sufficient to consider only the ratio of the cross sections of 

_ the recombination and electron trapping centers. This is particularly clearly 
evident in the case of NaCl:Ni phosphor excited with x-rays. 

Fig.1 shows four decay curves for optical flash stimulated by light in the 
F band for NaCl:Ni phosphors with different activator concentrations. The ini- 
tial F center concentration in all the specimens was the same. Comparison of 
the initial sections of the decay curves shows that the rate of decrease in bright- 
ness is greatest for crystals with the lowest nickel concentration (curve 4); the 
slowest initial decay is observed for phosphors with the highest activator concen- 
tration (curve 1). Investigation of the flash decay at different temperatures 
showed that the rate of decay diminishes with increase of temperature. 

Another interesting and distinctive feature worthy of attention is the fact 
that there is no consistent correlation between the above dependences and the rate 
of emission of the stored light sums, as will be evident from Table 1. Column 1 
-in Table 1 gives the numbers of the crystals corresponding to the numbers of the 

curves in Fig.1; the second column gives the absorption coefficients at the peak 
of the activator band (max = 246 mu), which are proportional to the nickel con- 
centration; the 3rd and 6th columns show the optical light sums obtained at room 
temperature and at 70°C, respectively, during the same interval. Inasmuch as the 
full light sum was not extracted by photostimulation, after exposure to light the 
crystals were heated. The remaining light sums extracted thermally are ime DT MS 
columns 4 and 7, and the ratios AS,/So are listed in columns 5 and 8. The light 
sum is extracted most fully by photostimulation from crystals with the highest Ni 
concentration (crystal No.1). With decrease of the nickel concentration a greater 
fraction of the stored light sum remained unrecovered after stimulation by light. 
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Table 1 


Degree of optical stimulation of NaCl:Ni phosphors 
with different activator concentrations 
Ee 


20°C 


70°C 


AS, 


AS,/8 


opt Sopt AS p ASq/S opt 


oo 


6 


G25+ 


1250 
t, see 
Fig.1. Decay of optical flash at room 
temperature for NaCl"'Ni phosphors with 
different activator concentrations 
(curve 1 is for the phosphor with the 
highest Ni concentration; curve 4 is 
for the phosphor with the lowest Ni 

concentration). 


1000 


stable than F centers, in the phosphors. 


820 
825 
468 
134 


SoS 
OrFN— 


0 
0: 
4 
6 


At room temperature the optical 
flash is accompanied by localization 
of the electrons on shallower trap- 
ping levels (M and F' centers). At 
70°C these centers are virtually un- 
stable; hence photostimulated emis- 
sion of the stored light sum at this 
temperature is more complete than 
at room temperature (see Table 1). 

We were able to elucidate the 
reason for the above described regu- 
larities on the basis of the data 
obtained in investigating the influ- 
ence of interrupted stimulating light. 
As was established earlier!, under 
these conditions there is observed 
growth in the brightness of the flash 
after release of the electrons trap- 
ped on shallow levels. 

Accumulation of electrons on 
shallow levels, on the contrary, is 
a hindrance to recombination of free 
electrons with ionized luminescence 
centers. This in turn is indicative 
of non-random distribution of ionized 
luminescence centers and electron 
trapping centers, which are less 


It is interesting to note that Compton 


& Klick?, who investigated the changes in the absorption spectra of colored NaCl 
crystals, came to the analogous conclusion that "the R, M and N centers are not 
randomly distributed but are located near each other". 

These concepts help understand the above described experimental results. 
Inasmuch as in phosphors with a lower activator concentration there form more 
light-stable M centers per F center destroyed than in crystals with a high acti- 
vator concentration, naturally in low activator concentration crystals there is 
evinced a stronger influence of these centers on the process of recombination; 
hence in the phosphor with the lowest Ni concentration (crystal No.4) the flash 


brightness falls off most rapidly during the initial decay stage. 


For the same 


reason a smaller fraction of the light sum is extracted by optical stimulation 


in the case of phosphors with a lower activator concentration. 


Moreover, with 


decrease of the activator concentration the number of trapping centers per ion- 
ized luminescence center proves to be higher and the blocking action of the latter 
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Fig.2. Variation of the rate of decay of the optical flash (1) and the effective 
growth in the brightness of the flash under intermittent stimulating light (2) 
with the time of irradiation of the NaCl:Ni phosphor with x-rays. 
Fig.3. Variation of the initial flash brightness with the concentration 
of F centers for NaCl:Ni phosphors with different activator concentra- 
tions. The numbers at the curves correspond to the numbers of the curves 
in Fig.1 and the numbers of the crystals in Table 1. 


becomes more appreciable. Upon accumulation of a certain number of electrons on 
shallow trapping levels recombination of electrons released from F centers with 
ionized luminescence centers virtually ceases and hence emission of the stored 
light sum stops. At the same time there are conserved in the phosphor electrons 
on flash levels and consequently the phosphor retains part of the stored light 
sum, which can be extracted only thermally. 

At 70° the M centers in the phosphor with a high activator concentration 
are virtually unstable under the experimental conditions, but they may in part 
be conserved in specimens with a low activator concentration. This serves to 
explain why at 70° decay of the optical flash proceeds more slowly and a greater 
fraction of the stored light sum is released by stimulating light than at room 
temperature. 

We obtained highly interesting data in investigating the influence of the 
dose of x-radiation received by the crystal on the rate of decay of the optical 
flash and the effect of growth in the flash brightness under intermittent stimu- 
lating light. Fig.2 shows how the ratio of the initial flash brightness to the 
final brightness (I,/1Ij) and the ratio of the flash brightness after release of 
the electron from the shallow levels to the brightness at the end of the preced- 
ing emission period (I9/1I,) increase with increase of the x-ray dose. These 


Table 2 

Ratios of the optical and thermal light sums 
Sera Crystal No.2 _ Crystal No.4 
owe Soot] 45 | Sr | Spe/Sx ad AS, | Sp | Sp e/Sr 

gh i Tae es ea 5 (yb, ois! akin ES 9 

in 386 | 21 143 ya 135 20" 1416 4,2 
2 hs 500 41 274 4,85 88 434 302 On29 
5 aie 165 | 206 Ayal 0,5 34 497 | 306 0,10 
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effects cannot be explained solely by the blocking action of M centers. These 
effects can be interpreted only on the basis of the concept of the mechanism of 
recombination luminescence in NaCl:Ni phosphors. Data on this mechanism can be 
obtained in investigating the variation of the initial flash brightness and the 
optical light sum as a function of the x-irradiation time. 

Fig.3 shows the variation of the initial flash brightness as a function of 
the F center concentration for crystals Nos.1, 2 and 3. Each of the curves has 
a maximum, the location of which is shifted towards the origin with decrease of 
the activator concentration in the crystal. Similar dependences are obtained 
for the variation of the optical light sum as a function of the time of x-irradi- 
ation of the phosphor (columns 2 and 6 in Table 2). Thus for example, the light 
sum extracted by optical stimulation from phosphors Nos.2 & 4 x-irradiated for 
5 hours proves to be much smaller than the optical light sum obtained from the 
phosphors irradiated for only 20 min, On the other hand, the remaining light 
sums, i.e., the light sums subsequently extracted by thermal stimulation, are 
much greater for 5 hour x-irradiation (columns 3 & 7). Noteworthy is the fact 
that the total thermal light sums increase with the x-irradiation time (columns 
4 & 8), which is consistent with increase in the number of electrons on trapping 
levels. 

Observation of the variation in the brightness of the luminescence of NaCl: 
:Ni phosphors in the process of x-irradiation enabled us to bring out another 
distinctive feature of these phosphors. It is known that in general in the pro- 
cess of excitation of phosphors there occurs a gradual increase in the lumines- 
cence brightness with build-up in the number of electrons held on trapping levels. 
In the case of the NaCl:Ni phosphors, however, we observed a different picture: 
with the phosphor held in an x-ray beam its luminescence does not increase with 
time but on the contrary weakens. 

Recombination luminescence may appear as a result of recombination of elec- 
trons with ionized luminescence centers or/and as a result of recombination of 
electrons with hole centers of the base material. Inasmuch as with increase of 
the x-irradiation time the number of electron and hole centers increases, the ob- 
served regularities cannot be reconciled with the mechanism of sensitized lumines- 
cence. Consequently, we come to the conclusion that recombination luminescence 
in NaCl:Ni phosphors is connected with the presence of ionized luminescence cen- 
ters. It follows from a number of considerations and ample experimental data3»4 
that ionized luminescence centers are not produced by the exciting radiation. 
Hence it must be assumed that ionized luminescence centers are already present 
in NaCl:Ni phosphors prior to their excitation. Analysis of the above described 
experimental data on the variation of the initial flash brightness and the magni- 
tude of the optical light sum as a function of the x-irradiation time as well as 
the results of observation of the variation in luminescence brightness in the 
process of x-ray excitation, leads us to the inference that as a result of x- 
irradiation there occurs a decrease in the number of ionized luminescence centers, 
recombination of free electrons with which leads to the appearance of different 
forms of emission (thermal luminescence, optical flash, and emission in the pro- 
cess of excitation with ionizing radiation). 

Consequently, the greater the dose of x-rays received by the phosphor, the 
fewer the ionized luminescence centers remaining in it, which in turn leads to 
reduction of the initial flash brightness and decrease of the optical light sum. 
Since this regularity (decrease) is not observed when the stored light sum is 
Cheha es fee ade Ae it follows that in the process of thermal stimulation part 

nescence centers destroyed or transformed by the x-rays are 
regenerated. In all probability this is realized by a hole mechanism. 
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4 pee weate eee nes phate of the rate of decay of the optical flash as 
| Seen ys received by the phosphor and the effect of growth 
g. ess under the influence of interrupted stimulating light, can 
be explained by 1) decrease of the probability for recombination of free electrons 
with ionized luminescence centers owing to the blocking action of M centers, and 
2) decrease in the number of ionized luminescence centers in the process of x- 
irradiation. 

Before concluding, we must note the following regarding the ratio of the 
optical and thermal light sums. The dependence of the light sum on the method 
of its extraction has been investigated by one of the authors® and by Morgenshtern®, 
Morganshtern investigated this dependence in the case of a number of alkaline 
earth phosphors and established that the ratio between the optical and thermal 
light sums is constant. Our investigations, on the other hand, showed that the 
ratio between the optical and thermal light sums cannot be regarded as a constant 
quantity characteristic of the given phosphor. The ratio turns out to depend on 
the activator concentration and for a given specimen on the degree of excitation 
of the phosphor. This is clearly evident from the data of Table 2 (columns 5 & 9). 
In the case of 20 minute x-irradiation the optical light sums obtained from crys- 
tals Nos.2 and 4 are greater than the thermal light sums. Moreover, the differ- 
ence for the first of the crystals is appreciably greater than for the second. 

In contrast, in the case of 5 hour x-irradiation the optical light sums are smal- 
ler than the thermal sums. A particularly great difference between the thermal 
and optical light sums is observed in the case of the phosphor with the minimum 
activator concentration (crystal No.4). 

Thus it turns out that the dependence of the light sum on the method of its 
extraction is complex in character and is determined both by accumulation of elec- 
trons on shallow trapping levels in the process of optical stimulation and by the 
different variation of the state of the luminescence centers in extraction of the 
stored light sum by the optical and thermal methods. 


"A,A,Zhdanov" Irkutsk State University 
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DISCUSSION 


P.A.Pipinis: I think that the growth of the optical flash after a dark inter- 
val can be explained not by increase in the probability for recombination of opti- 
cally released electrons from the F levels with luminescence centers, but by in- 
crease in the number of electrons released during the second illumination. We 
observed this in investigating the rise of the optical flash and photoelectron 
emission in the case of KBr:In crystal phosphors after Sieh Sar Sars cathode rays 
and illumination by light in the F band. After excitation at 25° there is one 
served an intense optical flash L (figure a) and photoelectron ET eee 
the flash has almost completely decayed, the illumination is cut off an re phos- 
phor is heated to 40°, This results in emission of part of the stored light sum 


= one 


S,- After cooling to the initial temperature 
(-25°) and second illumination there is ob- 
107 pulscs/sec served a strong growth not only of the optical 
: flash but also of the photoelectron emission 
(figure b). Both effects decay rapidly at al- 
most the same rate. Similar results are ob- 


a Cc 
tained after a second heating (figure c). Such 
growth of the photoelectron emission and opti- 
Sa 
Ome. 


5 
2rz p 
1 “fhe cal flash can be explained on the assumption 


b 
£ 
that there exist two types of F centers: "soft” 
SSS ee 


O 2tyinz0i25 0 2 4 - photoactive - and "hard" - nonphotoactive 
°C oe centers. J.J.Oberly (Phys.Rev., 84, 1257 (1951)) 


postulated that existence of such "soft" and 

“hard” F centers to explain his results on the 
behavior of the photoconductivity of KBr under illumination in the F band. Ap- 
parently, during the dark interval and the subsequent heating the “hard"' F centers 
transform into "soft" centers or perhaps the electrons from the "hard" centers go 
over to the "soft" centers. Whether a similar mechanism operates in NaCl:Ni phos- 
phors is not known. It would be desirable to carry out similar experiments on 
these phosphors. 
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EXCITON EXCITATION OF LUMINESCENCE IN ACTIVATED ALKALI IODIDES AT LOW TEMPERATURE 
- M.L, Kats, K.E.Gyunsburg & L.I.Golubentseva 


The mechanism of energy transfer from the host lattice to the activator 
centers has scarcely been studied even in the case of crystal phosphors with the 


simplest structure such as activated alkali halide crystals.1 
mental data are needed 


crystal phosphors. In 
tion spectra of alkali 
Specifically, for 


-7 More new experi- 
before one can elaborate a theory of energy transfer in 


view of this we undertook an investigation of the excita- 
iodides activated with divalent tin and lead ions. 


the present investigation we chose KI and NaI phosphors, 
the exciton absorption bands of which lie at approximately 219 and 229 mu, re- 


spectively. The excitation spectra were measured at +20° and -150° by means of 
a special cryostat incorporated into an SF-4 spectrophotometer which served as 
the monochromator. The phosphors were excited by the light from a VSFU-3 hydro- 


gen tube or a condensed Cu spark, while the luminescence was detected by means 
of a FEU-19M photomultiplier. 


250 500 
Ame 
e Fig.2 Fig.3 
Fig.l. cece, spectra of KI:SnIg (0.075 mole percent) at 20° (a) and -150° (b). 
Fig.2. Excitation spectra of NaI:Sn (a) and KI:Pb (b) at -150%. 
Fig.3. Absorption spectra of KI:Sn: a) before illumination in the exciton band and 
b) after illumination in the exciton band for 2 hours. 


Investigation of the excitation spectra of the KI:Sn crystals showed the pres- 
ence of an excitation band in the region of the exciton absorption, peaking at 219 
mu, and strong increase in the intensity of this band with decrease of temperature 
(Fig 1). The other bands evinced in the spectrum are due to the activating impuri- 
ty "Similar bands in the region of the exciton absorption pacha et in seen 
ae Some distortion in e shape o e 
ctra of KI:Pb and NaI:Sn crystals (Fig.2). : 
Bee spectrum curve in the 240-250 mu region is probably due to traces of thal 
BAR waca'isSeniani of the excitation spectra of these phosphors lati SE en eee 
i f the impurity conten e in - 
oncentrations showed that with increase 0 
ieee ehG bands in the region of 219 mp for KI and 229 my for Nal etait t 
: Earlier experiments showed that x-irradiation of Sn activated alkali ha e 
stals results in decrease of the activator absorption bands us me tee a 
fits intensity of the luminescence, which is connected with formation of nonlumines 


cing atomic tin centers.® +9 


a Aas 


Additive coloring in potassium vapor of a KI:Sn crystal led to disappearance 
of the activator bands from the excitation spectrum owing to transformation of the 
jonic Sn centers into atomic ones. At the same time there was also observed com- 
plete disappearance of the exciton excitation band. 

Visual observation of the luminescence of NaI:Sn with excitation in the range 
from 210 to 400 mu showed that the color of the luminescence is the same with ex- 
citation in the activator and in the exciton bands. 

One can judge of the interaction of the excitons with activator and thermal 
microdefects of the lattice from changes in the absorption spectrum of the phos- 
phor. With a view to determining the changes in the absorption spectra of KI:Sn 
crystal phosphors under the influence of light in the region of intrinsic absorp- 
tion, we measured the absorption of a sample before and after prolonged illumina- 
tion in the exciton band. The phosphor was illuminated by the light of a condensed 
Cu spark through a KBr filter which completely absorbed the radiation correspond- 
ing to short wavelength intrinsic absorption and passes virtually all the light 
corresponding to the exciton band of KI. As a result of such irradiation in the 
exciton band, there occurs a noticeable decrease in the absorption in the region 
of the activator bands of KI:Sn (Fig.3). 

Thus in alkali halide phosphors with divalent activators there apparently 
occurs interaction of the excitons with the activator centers, which leads both 
to excitation of luminescence centers and to the formation of singly charged ion- 
ic or atomic centers. 
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ATOMIC CENTERS IN NaCl:Ag AND KBr:Ag CRYSTAL PHOSPHORS 
- V.K.Nikol 'skii 


It is commonly assumed that atomic centers appear in activated alkali halide 
crystals only after x-irradiation or additive coloring. Such centers have been 
investigated in detail by a number of authors!-5, some of whom have proposed ap- 
propriate models. 


We prepared polycrystalline NaCl(Ag) phosphors with an activator content of 
up to 20 mole percent. The phosphors were prepared by very slow cooling of the 
melt of the initial salts in evacuated quartz tubes. In the excitation spectra 
of such phosphors with activator concentrations from 1 to 20% there is evinced, 
in addition to the usual ionic bands, a broad band peaking at ~300 mu; the shape 
of the spectrum and the frequency of this peak depend on the rate of cooling of 
the melt. The luminescence spectra of the NaCl:AgCl (20 mole percent) phosphor 
excited by monochromatic radiation and recorded photoelectrically are shown in 
Fig.1 (all appropraite corrections have been made in plotting the curves). Curves 
a and b characterize the luminescence of a very slowly cooled specimen with exci- 
tation by X% = 313 and 365 mu, respectively. After additional heating to 250° 
(curve c) and 500° (curve d) followed by "quenching" to room temperature the lumi- 
nescence spectrum is shifted to the short wavelength region and corresponds to the 
luminescence spectrum of atomic centers in an x-rayed NaCl:AgCl (0.01 mole percent) 
single crystal with excitation by A = 280.3 mu (curve e). It is obvious therefore 
that the luminescence of "quenched" NaC1(Ag) phosphors with a high activator con- 
centration is due to atomic A centers. 


Irel k,n! AML 


400 500 600 710 A Cues; 0 RS, Ol sO) 
Amy eV 
Fig.1 Fig.2 
Fig.1. Luminescence spectra of NaCl:AgC1 (20 mole percent) phosphor: a) Ag, = 313 
mi, b) Agyx = 365 mu, c) after heating to 250° and rapid cooling, Ney = 313 my, d) 
after heating to 500° and rapid cooling, Nex = 313 mH, e) luminescence spectrum of 
x-irradiated NaCl:AgC1 (0.01 mole percent) single crystal, A,, = 280.3 mH. 
Fig.2. Absorption spectra of NaCl(Ag) single crystals x-irradiated and 
then bleached with visible light, prepared with different AgCl concen- 
trations in the melt: a) 1.0, b) 2.5, c) 5.0, d) 10.0 mole percent. 


Investigation of the absorption spectra of NaCl(Ag) single crystals colored 
with x-rays and then bleached by exposure to visible light shows that with increase 
of the activator concentration from 1 to 10 mole percent (in the melt) there is : 
tendency for the A and Al centers to associate sare C centers, i.e., ica eee 
centers linked by the forces of dipole attraction. The sor Re Saale pains © 
centers (Fig.2,d) approximately coincides with the peak in the exc ot eeoped 
of very slowly cooled NaCl:AgCl (20 mole percent) phosphors prior to phe na 
The peaks in the luminescence spectra of x-irradiated NaCl single crystals con 
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ing 1, 2.5 and 10 mole percent AgCl are located at 565, 550 and 545 mu, respect- 
ively; the position of the 545 my peak is probably in closer agreement with _the 
luminescence of C centers than is indicated by the data of Etzel & Schulman’, in- 
asmuch as at 10 mole percent AgCl these centers predominate in the absorption 
spectrum and the superposition of the long wavelength bands is less strongly 
evinced. Thus there is observed a definite similarity between the optical proper- 
ties of atomic centers in x-irradiated NaCl(Ag) single crystals and the lumines- 
cence of polycrystalline NaCl(Ag) phosphors with a high activator concentration. 
Hence we consider that the luminescence of NaCl(Ag) phosphors with a high acti- 
vator concentration both before and after "quenching" is due to atomic centers, 
the term being used here in the general sense of this concept. 

In the spectra of nonirradiated KBr:AgBr single crystals with 2.5 mole per- 
cent activator there appears a hump on the side of the ionic band; at 5 mole per- 
cent AgBr this hump becomes a clearly pronounced absorption peak in the region of 
the A band (300 mu). This peak was also obtained in the form of an individual 
band in the spectrum of a KBr:AgBr (1 mole percent) crystal in which the silver 
halide before growing the crystal was exposed to the integral light from a mer- 
cury discharge tube to the point of pronounced darkening, caused by segregation 
of atomic silver. 

It may be inferred therefore that in silver activated alkali halide crystals 
there may under appropriate conditions form atomic centers, which are usually ob- 
served in x-ray or additively colored crystals. 

I desire to express my gratitude to M.L.Kats for his guidance in the work 
and discussion of the report. 


Saratov State University 
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LUMINESCENCE OF NONACTIVATED ALKALI IODIDES 
- N.N.Vasil'eva & Z.L.Morgenshtern 


Bee ive wcrc few investigations!~7 of the luminescence of 
emit a luminescence that ieinot ce dee aaah Pen be Bebu bea mncsescryetals 
ee iciiee stil uncles IS) with ranma ahaa but the nature of 
studies on the general nat z “eee Pek ge RESON asia! GN CN RRL ce 
Be te cca ciis eee : mae luminescence of CsI crystals. It was found 
fee : p fo) >S comprises three bands: two of them not associ- 
wi an activator (ultraviolet and blue) and one associated with the presence 
of an activator. Investigation of the other characteristics of the luminescence 
... the inference that these three bands are related to different luminescence 
rs. 

2. The results obtained for CsI and the fragmentary data of other investi- 
gators led us to infer that a similar picture should be observed for other alkali 
iodides. Hence as the next subject for investigation we chose KI. Working with 
nonactivated KI crystals Teegarden? observed at low temperatures radiation close 
in frequency to that of Tl, but owing to the presence of traces of Tl in his crys- 
tals Teegarden was unable to isolate this luminescence of KI in pure form. In 
the present work we undertook to a) obtain crystals free of traces of Tl, and b) 
study the interaction of the bands, introducing In instead of Tl as the activator 
inasmuch as the intrinsic radiation of indium in KI is located at a lower frequen- 
cy than that of T1.8 We obtained KI crystals free of traces of Tl from a water 
solution using raw materials purified of heavy metals (by means of rubinic acid) 
and subjected to repeated recrystallization. We also had available crystals* 
grown from the melt by the Stockbarger technique; some of these were free of acti- 
vator, others contained different concentrations of Tl or In. We investigated 
the luminescence spectra of all the crystals at room temperature and at liquid 
nitrogen temperature with excitation by Co690 y-radiation by the procedure de- 
scribed in Ref.7. 

The following results were obtained (Fig.1): 

1) In the spectra of KI crystals grown from solution there is observed one 
ultraviolet band peaking at ~370 mp (Fig.1,a) 9;. 

2) In crystals containing high concentrations of Tl there is observed one 
activator band with Ajax ~ 406 mu (Fig.1,c); 

3) In the spectra of crystals containing low concentrations of Tl there is 
observed one band peaking at ~382 mu (Fig.1,b); it may be assumed that this band 
actually consists of two bands - a thallium band and an ultraviolet band; 

4) A clearer picture is obtained with In as the activator; at low indium con- 
centrations there are observed two bands, an ultraviolet and a longer wavelength 
activator band; with increase of the In concentration the intensity of the ultra- 
violet band decreases while that of the activator band increases, and at high In 
concentrations the ultraviolet band disappears completely (Fig.1,d,e,f) just as 
in the case of Tl. 

From these results it could be inferred that in the luminescence spectra of 
KI crystals there are only two bands: an ultraviolet band associated with the 
crystal lattice and an activator band. At first it appeared that no band analo- 
gous to the intermediate band of CsI was present in the KI spectra. More detailed 
investigation, however, led us to conclude that in some cases an intermediate lumi- 
nescence band is present in the spectra of KI. We had available a number of non- 
activated KI crystals of different origin. In the spectra of all these crystals 
there was observed one band in the ultraviolet region. Its peak, however, was 


° 


*We take this opportunity to thank L.M. Shamovskii for making available the 
crystals. 
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Fig.1. Spectral distribution of 
the emission from KI crystals 
excited by y-radiation at liquid 
nitrogen temperature (solid 
lines) and at room temperature 
(dashed lines): a) KI crystal 
grown from solution, b) KI:Tl 
(low Tl concentration), c) KI: 
:Tl (high Tl concentration) , 
d) KI:In (low concentration, e) 
KI:In (medium concentration) , 
f) KI:In (high concentration) , 
g) KI (without activator) grown 
from the melt (1') and KI:In (1 
& 2). 
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not always located at the same wavelength. In 
crystals grown from solution this band had 
Amax % 370 mu, while in the spectra of the 
other crystals the band peaked at longer wave- 
lengths. In the case of nonactivated KI the 
peak was located at Ayay = 384 mp igs, 2); 
i.e., virtually coincided with the emission 
band of KI:Tl with a low Tl concentration (Fig. 
1,b). It might be assumed that this shift is 
due to traces of Tl; this is not the case, 
however, inasmuch as Tl would be evinced by 

its own luminescence spectrum at room tempera- 
ture. In the luminescence spectrum of one of 
the KI:In crystals we also observed shift of 
the ultraviolet band to Ajax + 391 my (Fig.1,g). 
In this case again it is doubtful that the 
shift can be due to Tl inasmuch as the concen- 
tration of Tl to produce such a displacement 

of the band would have to be appreciable. 

We assume, therefore, that in the lumines- 
cence spectra of these crystals, in addition 
to the ultraviolet band with Amax ~ 370 mu as- 
sociated with the crystal lattice, there is a 
second, longer wavelength band analogous to 
the blue intermediate band of CsI. This band 
probably peaks somewhere in the neighborhood 
of 400 mu; its precise position will be estab- 
lished in further investigations. 

Thus it follows from our experiments that 
for KI crystals, just as for CsI crystals, 
there are observed three luminescence bands: 
an ultraviolet band associated with the pure 
lattice, and an intermediate and a long wave- 
length band, both of activator origin. 

3. It is obviously of interest to eluci- 
date the nature of the above-mentioned lumines- 
cence bands. 

The long wavelength bands, which appear 
upon introduction of an activator, are undoubt- 
edly connected with transitions inside the ac- 
tivator ions. Many investigations have been 
devoted to this luminescence, hence we will 
not discuss it further here. We must note, 
however, that as regards CsI this assertion is 
not trivial, inasmuch as some authors (Knoepfel 
et al4) advanced the hypothesis that the pres- 


ence of Tl in CsI leads only to disturbances of the lattice, facilitating lumines- 


cence, but that the Tl itself does not yield intrinsic luminescence. 


In our opin- 


ion, however, the long wavelength luminescence band in the spectrum of CsI:Tl con- 
sists of radiation characteristic of the activator.* 


*In addition to the long wavelength luminescence of Tl Qmax ~ 560 mu) in 
the spectra of CsI:Tl crystals at low temperatures there appears a shorter wave- 


(continued on following page.....) 
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irs ee Ne <Fig.2. Excitation spectra of the ultraviolet lumi- 
nescence bands at liquid nitrogen temperature. 
Dashed line - spectral distribution of absorption 
according to Fesefeldtll, 4) KI, luminescence band 
with Anax = 370 mu, b) CsI, luminescence band with 
Amax = 340 my. 


The intermediate band in CsI, according to Knoepfel 
et al4, may be attributed to vacancy type defects. It 
is characterized by the highest intensity in the spec- 
tra of crystals grown from a superheated melt, and we 
never observed it in crystals grown from solution at 
room temperature, i.e., in crystals in which the equili- 
brium concentration of vacancies is minimal. The exci- 
tation spectrum of this band, as was shown earlier®, 
is linked to the intrinsic absorption edge of the crys- 
tal. This band, in our opinion, is analogous to the 
blue band of zinc sulfide, which is also excited at the 

7 73 2 intrinsic absorption edge, and which some authors!9 also 

ev associate with vacancy type structural defects. It may 
be hypothesized that the intermediate band of KI is of 
the same nature, although admittedly at present there is 
a paucity of data on this band. 

The short wavelength band in the luminescence of CsI and KI crystals, like 
the ultraviolet band in the luminescence of NaI observed by Van Sciver2, may 
safely be attributed to the host lattice. Enz & Rossel5, on the basis of the 
exponential character of the decay of scintillations corresponding to this band 
in CsI, infer that it is due to recombination of "degenerate’ excitons. We feel 
that for definitive determination of the origin of this band it is essential to 
know the corresponding excitation spectrum. 

Working with the crystals the luminescence of which comprised only this emis- 
sion band we succeeded in measuring its excitation spectrum. For the measure- 
ments the crystal was placed in a cooled vacuum chamber between windows of crys- 
talline quartz; the excitation was realized by a hydrogen tube through a vacuum 
monochromator with a fluorite prism and mirrors. The luminescence was recorded 
by means of an FEU-19 photomultiplier coupled to an amplifier. The results of 
these experiments are shown in Fig.2, in which we also reproduce the absorption 
spectrum of KI (sublimated layer) at liquid nitrogen temperature according to 
the data of Fesefeldtll, From a comparison of the curves it may be inferred that 
the excitation spectrum corresponds to the region of exciton absorption. It is 
interesting to note that in the short wavelength region (7< 185 my), which corre- 
sponds to band-band transitions, the excitation curve falls off. A similar pic- 
ture is observed for CsI crystals. 

We also measured the decay of the ultraviolet band of KI at liquid nitrogen 
temperature. The decay proved to be exponential with T = 0.9 microsec. In view 
of the character of the excitation spectrum and the exponential nature of the de- 
cay there is reason to assume that the ultraviolet band represents exciton radia- 
tion. This radiation is, apparently, not connected with constant structural de- 
fects, inasmuch as its intensity increases with increasing degree of perfection 
of the crystal lattice. This radiation appears to be quenched on structural de- 
———"“‘Yfootnote continued from preceding page) 

length band of Tl, located in the blue region; this Be aoy fw — ceenice the 
the long wavelength absorption band of the activator (300 my) and at - che 


cays with T = 1.8°107! sec. 


. 
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fects and on centers of activator origin. 

We felt it would be of interest to evaluate what activator concentration is 
necessary to quench this luminescence fully. We were able to do this on the basis 
of data for the KI:In crystals characterized by curves e and f in Fig.l. iInvthe 
spectrum of one of them (e) the ultraviolet band is still present, while in the 
spectrum of the other (f) it is no longer apparent. The indium concentration in 
these crystals was determined from the values of the absorption coefficient in 
the first activator band Qax = 262 mu), making use of the data of Shamovskii & 
Zhvankol2 on the variation of the absorption coefficient at this wavelength as a 
function of the indium concentration in KI crystals. Knowing the activator con- 
centration in the crystal one can readily calculate the number of unit cells per 
activator particle in the crystal, and, assuming a uniform activator distribution, 
the mean separation between activator particles. We found that in the first case 
the In concentration is 0.7-107°5 mole In/mole KI (which corresponds to a mean 
separation between activator particles of 62 d or 218 A); in the second case the 
Sant ete reen is 2.54°10-5 mole In/mole KI and the mean separation is 43d or 
152 A, 

We desire to thank M.D.Galanin for his interest in the work and for measur- 
ing T and N.V.Kostina for assistance in the experiments. 
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ANALYSIS OF SECOND FORBIDDEN B-SPECTRA 
- M.Vindushka & L.N. Zyryanova 


e - He basic studiesl-§ devoted ec analysis of the shape of second forbidden 
pectra are based on the assumption of combined § and T interaction In the 
present work we give a treatment of nonunique second forbidden peereetrs (AI = 
= 2,no) on the basis of AV (axial vector) interaction. Our calculations Shows 
that one can find values of the nuclear parameters satisfactorily explaining th 
spectrum shape. ‘ 

As is ENO, the shape of B-spectra of second forbidden transitions differs 
from the statistical shape. To date there have been experimental investigations 
ithe shape of the B-spectra of the following nuclei: C136 (Ref.3), Sc46 (Ref.7) 
Fe°9 (Ref.4), Tc99 (Ref.3), 1129 (Ret.6), Ccs!35 (Ref.6) and Csl37 (Ref.8). ie 
experimental correction factors for the B-spectra of C136, Fe99, Csl35 and Csl37 
are shown in Figs.1-4. 

The theoretical shape of second forbidden B-spectra (AI = 2,no), according 
to Konopinski & Uhlenbeck9, is defined by the following correction factor: 


Co= levi {| Riu P| 


1 eee 1 
5g KtLy — 7g K°N, + | K (21, + My) — 


9 ; {ie 3 
—2KN, + FL, +3M,|+| Ag? |p KL +5 L,|— 
“ * 1 th Ses 
Berth tA, — 5 C80) E; falta = cone Sine >} a, 
215s 2 1 1 ya 2 I 
+ [ga P{l Sux lay - [fe K*Ly + 2K7Ly + 15L9] + 


Sil: 2 PS 
| Til typ Kilo + G KON, + K (Ly + M,) + OKN, + 6Ly + 9M, |} + 
<7 we 4 3 
+ gagy {i (RijTs — cc.) | gE? (Li — My) + 5 (La — M)] + 
: yr Ae 1 Ks 1 Ke 
, 44 (AiTis + ¢.c.) lis L, + = K°N, + KLy+ 3N, |}. 


where the Rj;, Aij, Ti; and Sij, are the nuclear matrix elements, the Li, M; and N; 
are combinations of electron wave functions (these are tabulated in Ref.10), and 
K is the neutrino energy. 

Assuming that T-invariance obtains, one can write the following ratios; 11 


GE Se: 


Rig Ti ijk 
— tZ, —— y, ; mus = iZ, 
Ai; AAs, 
where x,y and z are real numbers. 
Using the value of 1.2 for 
Table l golevs one can obtain an equation 
Values of the nuclear parameters consistent for the theoretical correction fac- 
with the experimental B-spectrum shape tor C, in terms of the three un- 
ee known nuclear parameters «x, y and Z. 
Nucl] A . - Nuol-| . | a Comparing this equation with 
pus oe | the experimental correction factor 
| for the B-spectra one can determine 
pera rt a 129 | 0,05 —0,2 | 10 
Son Aes De OES oe 005 052 | 10-6 the values of «x,y and z giving the 
Fe’? |—0,9 |—0,3 | 0 Cs¥87_ | —0,05|—0,04) 0,0 best fit. 
Te 126 -35,-0,45| 5,5 | 
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"7A 400 E kev 800 1000 7200 1400 E kev 
Fig. 1 Fig. 2 


Fig.l. Correction factors for the B-spectrum of c136; solid line - theoretical; 
dashed lines - experimental. 
Fig.2. Correction factors for the B-spectrum of Fe59: solid line - 
theoretical; dashed line - experimental. 
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50 100 150 200 E kev 


Fig.3. Correction factors for the B- 

spectrum of Cs135; solid line - theo- 

retical; dashed lines - experimental. 
Fig.4. Correction factors for the 0 
B-spectrum of Csl137; solid line - a0 a - f ker 
theoretical; dashed lines - experimental. 


We solved the equations graphically and found the best values of x,y and z 
by varying the parameters to secure the best fit. Table l gives the values of 
the parameters x, y and z for the above mentioned B-spectra that yield the least 
root mean square deviation of the theoretical from the experimental correction 
factor curves. The theoretical and experimental C, curves for the B-spectra of 
Clee, Fe°9 Cst35 and Csl37 are shown in Figs.1-4. It can be seen that the AV 
form of the theory does make it possible to obtain agreement with experiment as 


regards the shape of the B-spectra of second forbidden transitions. In the case 
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So 129 135 ; 
of Tc“, I and Cs there persist minor divergences between the experimental 


and theoretical factors in the low energy region (E < 100 kev) which cannot be 
eliminated by variation of the nuclear parameters. 


The nuclear matrix element ratios x, y and z obtained from analysis of the 


oo shapes may be compared with the theoretical evaluations of these para- 
meters. According to Yamadal2 there should obtain the following relationships: 


Ai = AaZ . 2Aj; _ AaZ 
Ri; Dia ol nay Tan 
where 
E.—E Alls 
=u f 7 
A=1 2 dee. YAY Ey hy= 1 a 
and # is the nuclear radius. 
Table 2 
Comparison of the experimental and theoretical correction factors 
ae (Ais) | 
Nucl-| * 7’ thco (ie) (2) tract} theo (x) | ES) 
eus =) exp 1 /CXp |leus - (4) ba CAP | Det eae 
T ij theo ij theo 
C86 4,05 2,0 0700 | 45250503 129 10 ne 
Sct 6,27 32 >2 : ee see 3 
Fes? 7,38 25 3-5 Cit 10,7 20-5 5-3 
eee S 0 ae 2,920,5, 1 2,220.4 | csist| 19.5 2014 25755 


The values of the parameters deduced from analysis of the experimental 6- 
spectra are compared with the values according to Yamada (theoretical values) in 
Table 2. It will be evident that the values of 4A;;/R;; deduced from experiment 
are in good qualitative agreement with the theoretical evaluations. It will be 
noted, however, that the equality 


is not fulfilled for 1129 and Cs!35. Apparently, for proper evaluation of these 
matrix elements one must make certain more specific assumptions regarding the 
properties of the nuclei. 

Making use of the correction factors found from analysis of the B-spectra 
and taking into account the corresponding log ft values for the B-transition, 
one can find the value of one matrix element. The values of | A4;|? deduced in 
this manner are listed in Table 3. 

In the <C2) column of Table 3 we list the values of the correction factor 
averaged over the B-spectrum. These values are necessary for calculating the 
reduced lifetimes of the nuclei, taking into account the nonstatistical shape of 
the B-spectrum. The values of log fot and log fst for second forbidden transitions 

Table 3 are also listed in 


—_—— Table 3. 
Correction factor values that must be taken into account 
in calculating the reduced lifetime of B-transitions 


Nucl- || 4y [2] <c> | Ws fot} ig ft | Nucl || AP) <c.> | Te hE) Ie fet 
cus eas 

36 43,5 | 13,8 | 0,4 | 0,43 | 13,5 | 12,6 
Me ae . 13.1 | 13,4 |Cs}9 0/25 | 0,16 | 13,2 | 12,4 
Tc% 1 5.6 | 42,3 | 13,0 Cs! 0/006] 0,06 | 12,0 | 10,8 


aS Ga= 
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SYSTEMATICS OF REDUCED LIFETIMES FOR B-TRANSITIONS OF DIFFERENT DEGREES 
OF FORBIDDENNESS 


~ L.N.Zyryanova & V.M.Mikhailov 


In constructing decay schemes and level dia 
are frequently determined on the basis of the ft values for the B-transition. 

In addition, the reduced B-transition lifetime, which is directly related to the 
nuclear matrix element, is often helpful in elucidating the details of the nucle- 
ar structure. In view of this it is useful to consider the distribution of ft 
values for B-transitions of different degrees of forbiddenness. 

In the present communication we give the results of calculation of the ft 
values for B-transitions of all types. By way of initial data we used the experi- 
mental results collected in the tables of Dzhelepov & Peker! and Strominger, 
Hollander & Seaborg2, as well as more recent data published up to 1960 in the 
literature. At present about 2400 6-transitions are known. For purposes of the 
presented systematics we chose the 1100 most reliable cases; this group includes 
transitions for which there are available data on the end-point energy, the peri- 
od, the branching ratio, and the spin and parity of the initial and final states. 

For most of the B-transitions, except the unique group, the values of ft 
were calculated by means of formulas for allowed transitions. For the function 

E, 
i \ F (E, Z) Ep (Ey— Ey'dE 
A 
we uSed the tabulated values? calculated taking into account the Coulomb field, 
screening and finite nuclear size. 

In the case of transitions by orbital electron capture for calculating ft 
we used the values of fx and f,, found in the work of Refs.4 & 5, also taking 
these effects into account. 

For the unique transitions we took into account the divergence of the B- 
spectrum shape from the statistical one. The integral function for forbidden 
decay 


grams the level spin assignments 


E, 
fn=\ CaF (E, Z) Ep (Eo— E)*dE 


a 


contains the correction factor (C,. In our calculations we used precise values 
of this function found by the method of numerical integration in the work of Ref. 
6. 

Work on the systematics of the lifetimes of B-transitions has been carried 
out by various authors7?-11 over a period of years and the principal character- 
istics of the distribution of log ft values are well known. The data presented 
below are based on more extensive statistical material and hence afford a more 
detailed picture of the distribution of log ft vaiues. 

Fig.1 tives a general histogram of log ft values for B-transitions classi- 
fied according to the usual selection rules, i.e., into allowed, first and second 
forbidden transitions. It will be evident that in the 5 to 8 region there is 
considerable overlapping of the log ft values for allowed and first forbidden 
transitions. Hence in this log ft region spin assignments for nuclear levels on 
the basis of the log ft value can be made only if it is known from independent 
data whether parity changes in the given transition. 

Fig.2 shows the log ft histogram for allowed transitions. There is clearly 
evinced a peak corresponding to the group of superallowed transitions (log ft< 3.8) 
including transitions between mirror nuclei and 0—O transitions. Noteworthy is 
the rather slow descent of the curve on the side of high ft values. It will be 
seen that a large number of transitions are characterized by log ft values exceeding 
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6, although it is often assumed that 
this is the upper bound for allowed 
transitions. 

The histograms for first forbid- 
den transitions with AI = 0, 1 and 2 
are shown in Fig.3. For unique transi- 
tions (AI = 2) we give the values of 
log fat which are more representative 
of the influence of nuclear structure 
than the values of log ft. 

The plot for AI = 0 transitions 
shows the presence of a noticeable 


group of favored first forbidden transi- 
tions (log ft < 6). This group com- 
prises mainly B-transitions in nuclei 
with values of Z and N close to twice 
the filled shell numbers: Z = 82 and 

N= 126. The low values of log ft for 
these transitions are explained by the 


maximal overlapping of the wave func- 
tions of the initial and final states 
in nuclei near twice the magic numbers. 
In the case of AI = 1 transitions 
the group of favored transitions is 


less clearly evinced. 

Fig.4 shows the log ft distribution 
for second forbidden transitions. As 
a group (c) and separated according to 
AI. In the case of unique transitions 
(AI = 3) we give the values of log fot. 


Z r 3 Gm DaCe TE The distributions for allowed and 

first forbidden transitions have cen- 

Fig.1. General log ft histogram for al- tral groups with a noticeable maximun, 
lowed (1), first forbidden (2) and sec- which makes it possible to calculate 


ond forbidden (3) B-transitions. 


? J i § 106% Ft 
Fig.2. Log ft histogram for allowed 
B-transitions. 


difference between the mean values of log ft for transitions with AI = 0 and AI 


the mean value of log ft for each group. 

The calculated mean values are given 
in the accompanying table; the indicated un- 
certainties were found by comparing the giv- 
en log ft values with the mean value and 
thus represent the arithmetic mean error. 

It has been noted in the literature 
that the mean values of log ft for first 
forbidden transitions with AI = 0 and AI = 
= 1 differ appreciably; thus Konopinskil2 
gives 6.5 and 7.6, respectively. In the 
table we give the results of calculation 
of the average values of log ft for such 
transitions, excluding favored transitions. 
The mean values for first forbidden transi- 
tions with AI = 0 and AI = 1 are appreciably 
closer than indicated above: 7.3 and E Seer 
respectively. Konopinskil2 explains the 


= 1 by the contribution from pseudoscalar interaction. At present one cannot 


Mean values of log ft 
F a 


Deoree Of | Overall _ Mean for nuclei with 
forbiddenness mean h Secon | odd A 
Supcrallowed 3.5002 Be nee D Fai) 
Allowed (39) ‘ (7) Dy 
feat Teta 5,8+0,9 5,7-+0,9 5,8+0,8 
(522) (240) (282) 
Favored 5,4+0,3 5,4-+0,2 Dea) al 
Avie 0 (11) 8 3 
Unfavored 7,3+0,6 Ae 7,04.0,7 
te, (117) (62) (55) 
forbiddcon AT=1 | rors aaa pe a 
= Une aa es 5) ) 
| Unfavored 7,844 ,0 8,2+4,2 7,4--0,7 
sah (170) (91) (79) 
AI=2 8,5-+40,8 8,5+0,8 8,5-40,8 
(unique) (123) (75) (48) 
i at 141,4+1,2 11,7-+1,6 AG : 
Pee ales 14,74+41,4 11,7+4,4 
(unique) (5) (9) e 


The figures in parentheses give the number of cases on which the mean value is 

based. 

<Fig.3. Log ft histogram for first forbidden 

transitions with a)"AI = 0, b) ALE = 1, c) 
Liga. 


Fig.4. Log ft histogram 

for second forbidden 

transitions with a) AI = 

= 2 and b) AI = 3; c) com- 

mon histogram for second 
forbidden transitions. 
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assert that the presence of this invariant form 

log ft of interaction in B-decay is proved. 

is A number of authors? report that the value 
of log ft for allowed transitions in nuclei with 
odd A is on the average smaller than for nuclei 
with even A. As will be evident from the table, 
according to our calculations the values of log 
ft for nuclei with odd and even A are actually 
close: 5.8 and 5.7, respectively, so there does 
not appear to be any correlation between the mass 
number being odd or even and the log ft value. 

In contrast to the above, in the case of first 
forbidden transitions (except unique) the mean 
values of log ft for nuclei with odd A are appre- 
ciably smaller than the values for nuclei with 
even A, 

It is of interest to determine the variation 
of log ft with the number of nucleons in the nu- 
cleus. If one plots log ft vs N, @ and A for al- 
lowed transitions (excepting superallowed ones) 


“20 40 50 80 Z 


it becomes apparent that there is no consistent 
Fig.5. Variation of log ft dependence of the reduced probability on the nun- 
with Z for AI = 0 (yes) ber of particles in the nucleus. This is consis- 
transitions. tent with the theoretically inferred constant 

value of log ft, inasmuch as the nuclear matrix 
log /ft24 element operators for allowed transitions do not 


14 act on the radial part of the nuclear wave func- 
tions, wherein the dependence on the number of 
nucleons is contained. 

In the case of first forbidden transitions, 
however, there is a noticeable decrease of log 
ft with increase in the number of nucleons in the 
nucleus. The Z dependence of log ft for AI = 0 
(yes) transitions is shown in Fig.5. 

This Z dependence can be explained on the 
basis of the £ approximation.3 The correction 
factor for first forbidden spectra leads to the 


13 


12 


I 


10 appearance of the Coulomb factor (R) in the ex- 


pression for the total transition probability. 
If, in addition, for purposes of eyaluation we 
assume that the matrix elements |/r|? and Ifo - xf? 
are proportional to the square of the nuclear 
radius, it becomes apparent that a more constant 


20 40 6a 80 4 quantity with variation in the number of nucleons 
Fig.6. Variation of log will be log (ftZ*). The character of the distri- 
(ftZ?) with Z for AI = 0 bution of this function for AI = 0 (yes) transi- 
(yes) transitions. tions is shown in Fig.6. As a result of intro- 


duction of the Z* factor the general tendency of 
log ft to decrease is reduced, but the scatter of log ft values for the same Z, 
which reflects the individual structure of the nuclei, remains equally signifi- 
cant. 
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References 


1. B.S.Dzhelepov & L.K.Peker, Zkhemy raspada radioaktivnykh yader (Decay 
schemes of radioactive nuclei), M.-L., 1958. 


2. D.Strominger, J.M.Hollander and G.T.Seaborg, Table of Isotopes, Revs. 
Mod.Phys, 30, 585 (1958). 

3. B.S.Dzhelepov & L.N.Zyryanova, Vliyanie elektricheskogo polya atoma na 
beta-raspad (Influence of the electric field of the atom on beta-decay), p.103, 
M. 1956. 


4. I.M.Band, L.N.Zyryanova & Ch'ing Ch'en Jui, Izv.AN SSSR, Ser.fiz., 20, 
1387 (1956). (Trans.Bulletin, 20, 1269.) 


} 5. I.M.Band, L.N.Zyryanova & Yu.P.Suslov, Ibid., 22, 952 (1958). (Trans. 
Bulletin, 22, 943.) 
6. L.N.Zyryanova, Ibid., 23, 875 (1959). (Trans.Bulletin, 23, 867.) 
7. E.Feenberg & G.Trigg, Revs.Mod.Phys., 22, 399 (1950). 
8. B.S.Dzhelepov & A.V.Kudryavtseva, Zhur.eksp.i teor.fiz., 19, 791 (1949). 
9. B.S.Dzhelepov, Ibid., 19, 784 (1949). 
10. C.S.Wu, Revs.Mod.Phys., 20, 386 (1950). 
11. L.A.Nordheim, Ibid., 23, 322 (1951). 
12. R.W.King & D.C.Peaslee, Phys.Rev., 94, 1284 (1954). 
13. E.J.Konopinski, "Theory of Forbidden B-Transitions’ in Beta- and Gamma- 
Ray Spectroscopy, edited by Kai Siegbahn, Amsterdam, 1955. 


Sp) = 


INTERNAL CONVERSION WITH PAIR PRODUCTION IN THE DECAY OF Tal82 
- S.S.Vasilenko, M.G.Kaganskii, D.L.Kaminskii & S.F.Koksharova 


The level diagram of wi82 has a number of distinctive features. Up to an 
energy of 1 Mev there are present only excited states belonging to the ground 
state rotational band characteristic of all deformed even-even nuclei. Beginning 
with 1.2 Mev there appears an appreciable number of closely spaced levels, which 
at present are interpreted as rotational levels belonging to a number of differ- 

nt bandsl»2, 

The diagram of Fig.1 shows the levels of W182 excited in Padecey of Tal82, 
An appreciably greater number of levels is excited in decay of Re by electron 
capture; however, we shall not discuss these levels here. 


VF 554 (4) 
4860 BY YY 
7 o 
137 23” H WF el 73 GF 
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ane Lome, 


3296 (04") 


00 (02"*) 
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FAs Ls w182 jevel diagram. The multipole orders of the transitions with 


energies greater than 2mc? are based on the data of the present investi- 
gation. 


The purpose of the present work was to investigate the transitions with ener- 
gies greater than 2mc” by means of the data on internal conversion with pair pro- 
duction. As will be evident from Fig.1, the transitions of this energy may be 
regarded as transitions through an "energy slit". Hitherto, there have been few 
studies of these transitions. Of particular interest are the transitions between 
the levels of the rotational bands with K = 2- and K = Ot (Fig.1). The nature of 
the negative parity levels consistently observed in the spectra of even-even nu- 
clei is still unclear. Bohr & Mottelson? hypothesized that the excitation of 
these levels is due to collective octupole nuclear oscillations. In this case 
the E3 transition probability may be appreciably greater than the probability 
for the corresponding single-particle transition. Hence the data on the multi- 
pole orders of the FB, FC and HB transitions (see Fig.1), which may involve E3 
radiation, are of particular interest. Little, however, is known regarding these 


, 
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transitions; the multipolarity of even the strongest transition in this series - 
the FB peau reeon - is unclear. According to the data of Murray, Boehm, Marmier 
& DuMond*, this transition is characterized by a mixture of M2 an E3 Ghinerie 
& Rasmussen® note, however, that the value of the K conversion arene for 
this transition obtained by Murray et al should be reduced by 20%. In view of 
this the FB transition may include a certain fraction of El radiation. Actually 
the corrected value of ax for this transition is 4.8°10-3, ‘The theoretical aetues 
given by Sliv & Band® are 1.1-10-3 for El, 5.2-10-3 for E3 and 12.9-10-3 for M2. 
It will be seen therefore that the experimental data are consistent with E3, El 

+ M2 (with a major fraction of El) and even El + Ml + E3. , 

The lifetime of the F level, according to the data of Sunyar’, is (1.0+0.05)- 
10-2 sec. This represents retardation by a factor of ~108 relative to the value 
for a single-particle transition, if it is assumed that the FB transition is main- 
ly El. If, on the other hand, it turns out that the multipole order of this 


transition is E3, its probability turns out to be 20 times greater than the proba- 


bility for a single-particle E3 transition according to Weisskopf's formula. 

In the present work for determining the multipolarities we used the procedure 
described in Ref.8. This procedure consists in comparing the intensities of the 
internal conversion positron peak with the K shell conversion electron peak for 
the same transition. In a number of cases this procedure is also convenient for 
analysis of mixed transitions. This pertains particularly to El + M2 and El + E3 
transitions inasmuch as the I/ax ratio for El transitions is approximately two 
orders of magnitude greater than the ratio for Ml and E3 transitions. Here I is 
the coefficient of internal conversion with pair production. 

As will be evident from Fig.1, the FB and HB transitions may involve El, 

M2 and E3 radiations (according to the spin and parity selection rules). In this 
case, as will be evident from the examples cited above, the availability of the 
data on the intensity of the y-transitions and conversion electrons, i.e., know- 
ledge of the value of a,x, is not sufficient for making an unambiguous multipole 
order assignment. If, however, one has data on internal pair production, one can 
determine the composition of the radiation. Thus, using wz, y and Z, respectively, 
to denote the fractions of El, E3 and M2 radiations, we can write 


t+y+z=1; (1) 


ap, + Wes + Vue iE 

“nal! + yak3 + gM? ~ \ ax (2) 
K Yay + 20 ze K 'oxp 

roHl + yok + zak? = (ox)oxp« (3) 


Here ial is the ratio of the areas under the positron peak and the K conver- 
OK / exp 


sion peak for the same transition, Tp, Peg and [me are the theoretical values of 


the pair conversion coefficients, and 1, aF3 and al? are the respective K shell 


conversion coefficients. Thus by solving the above set of equations we can find 


the composition of the radiation in the FB and HB transitions. Accordingly, in 
our work, we measured the pair conversion positron and conversion electron spec- 
tra. The data on the relative y-ray intensities, necessary for determining the 


experimental K shell conversion coefficients, were taken from the work of Voinova, 


9 
Dzhelepov & Zhukovskii”. 
The measurements were carried out on the B-spectrometer described in Ref.10. 


The sources were prepared of thermal neutron irradiated tantalum oxide. Ty Os 
taining the positron spectrum we used a relatively large source: 30 x 1O mm“. 
The resolution of the spectrometer in the experiments was 1.8%. 
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Fig.2. Spectrum of internal conversion positrons formed in the decay of Tal82, 

Points - experimental results; dashed line - some of all the separated components; 

1,2,3 & 4 - partial positron spectra associated with the 1122, 1189, 1222 and 

1231 kev transitions, respectively. The figures at the jumps in the curve indi- 
cate the corresponding 7-transition energies. 


Multipole order assignments for the y-transitions in w182 


Transition u_line Posi- (D/a zx) +108 
cnergy, kev | intcne tron Me 
sit y inten— calc. Multipolc 
Our Back— Se 4 sity oxper Cider 
data | strom | E. | £2 | mt s 
1122 41246 140 16 2,00) 0,08 | OF4d. 0,32| E2 
1188 1189,4 86 75 11,4 | 1,60 | 0,45 | 2,50! 75% 814-25% M2 
1222 1220 100 100 21,0 | 2,80 | 0,82 | 2,80 E2 
1234 4234 35 36 23,0 | 3,40 | 0,94 | 2,90 E2 
1256 4254 2,0 14 32,0 | 4,25 | 1,40 | 16,0 [£1] 
1275 4273 3,3 13 41,0 | 6,2 | 2,45 |41,0 | 80% 41+20% M2 
1290 1289 20,0 5,9 |49,5 | 7,9 | 2,40] 4,0 M2 
1310 -~ — 4,0 ? 
340 oon _— 3,6 iy 
410 — — 2,3 ? 


Our measurements showed that internal conversion with pair production in the 
decay of Tal82 is very weak. The investigated effect is less than 20 times strong- 
er than the background. For measuring the background we used the procedure de- 
scribed in Ref.1l1. The positron spectrum is shown in Fig.2. We determined the 
y-ray energies from the midpoints of the rectilinear sections in the positron 
curves Ey = E, + 2mc? , where E, is the energy corresponding to the midpoint. 

The y-transition energies determined in this manner are shown in the accompany- 
ing table together with the y-transition energies obtained by Backstroml2 in 
observing photoelectrons. 
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As will be evident from the table,there a 
all the reliably known transitions in the deca 
ly weak transition with E 


re evinced in the positron spectrum 
y of Tal82 except for the relative- 


= 1155 kev. In addition, as will be evident from Fi 
s 8. 
2, there are manifested tees new, hitherto unknown, transitions with energies 


of 1310, 1340 and 1410 kev. The intensities of these transitions are very low 
and we were unable to detect the corresponding conversion lines in the electron 
spectrum owing to the strong background. The location of the 1310, 1340 and 1410 
Kev transitions in the Tal82 decay scheme is unclear. Gallagher & Rasmussen” in 
investigating the decay of Rel82 established that W182 has an excited level at 
2406 kev. Possibly the observed 1310 and 1410 kev y-rays correspond to transi- 
tions from this level to the first excited and ground states of W182, 

For determining the transition multipolarities one must know the intensities 
of the partial positron spectra associated with the individual y-transitions. In 
order to resolve the partial spectra (Fig.2) in each case we determined the posi- 
tion and height of the hump corresponding to the end-point energy of the partial 
spectrum. For plotting the rest of the spectrum one must know the positron dis- 
tribution in energy. This distribution was calculated in the Schrédinger approxi- 
mation of the theory of internal conversion with pair production. The Schrdédinger 
approximation, as was shown by Rose & Uhlenbeckl$, is valid for all Z in the range 
of transition energies Ey < 3 mc?, i.e., can be used for all the transitions in 
wi82, The positron distribution for low energy transitions is the same for El, 

E2 and Ml transitions. We assume that this distribution remains the same for all 

other multipole orders, although there are no theoretical calculations for these. 

By way of example, in Fig.2 we show the partial spectra of the positrons associ- 
ated with the 1122, 1188, 


W, p/min ene? 1222 and 1231 kev transi- 
tions (solid curves l, 2, 
800 3 & 4). The spectrum re- 


Ki8+ Mice Wee presenting the sum of all 
| | k 10 components is given by 
the dashed line in Fig.2. 
It will be seen that in 
the low energy region this 
Z spectrum differs substanti- 
hips tt ee rE PST RA ally from the experimental 
660 870 910 920 940 30 , curve. This is due pri- 
K1289 + L1250 +Micze T,rcleunitS parily to scattering of 
the positrons in the rela- 
tively thick source (2 mg/ 
N. p/min /cm2) used in our measure- 
l ments. 

We note that investi- 
gation of the higher ener- 
gy y-rays accompanying the 
decay of Tal82 by observa- 
tion of internal conversion 
with pair production is 
very convenient. Inasmuch 
as the energy of the y-rays 
only slightly exceeds the 
960 980 _ «000 threshold for pair produc- 

FAN tion, the corresponding 
positron spectra are well 


£00 


100 


Fig.3. Tal82 conversion electron spectrum. 
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separated with a spectrometer resolution of 1.8%. Such resolution, however, is 
inadequate for analysis of the conversion electron spectrum. Hence in investi- 
gating the conversion electron spectrum we used narrow sources (1 mm width). The 
relative line half-width in this case was 0.30%. The recorded spectrum is repro- 
duced in Fig.3. 

The relative intensities of the K conversion lines and the corresponding 
partial positron spectra are given in the accompanying table. In both cases the 
intensity of the conversion electrons for the 1222 kev transition was taken as 
100. The intensity of the K line of the 1256 kev transition was determined only 
approximately. As will be evident from Fig.3, the K1256 and (M + N)1189 conver- 
sion electron lines are not resolved. The intensity of the (M + N) line was evalu- 
ated from the intensity of the L line of this transition: it was assumedl4 that 
SM+N = 0.3 Sy. Clearly use of this approximation can lead to a great error in 
determining the intensity of the K line of the 1256 kev transition inasmuch as 
the intensity of this line proved to be about half the intensity of the (M + N) 
line of the 1189 kev transition. 

In the table we list the values of the ratio [/ax only for El, E2 and Ml 
radiations, inasmuch as there are no calculations in the Schrodinger approxima- 
tion for other types of radiation. However, when M2 or E3 radiation is present 
in mixture with El, one can neglect the contributions from M2 or E3 to pair con- 
version. In calculating the I/ax, ratios the coefficient [ was calculated by 
means of the formulas given by Rose & Uhlenbeck!3, while the conversion coeffi- 
cient a,x was taken from the tables of Sliv & Band®,. The experimental value of 
the T/ax ratio was determined from the ratio of the areas under the positron and 
K conversion electron peaks: 


lees) th | axes (4) 


The normalizing factor / was taken so as to obtain agreement of the experi- 
mental [/ax ratio for the 1222 kev transition with the calculated one, assuming it 
to be E2. Direct determination of (L/ax)oxp by measurement of the positron and K 
conversion line using the same source, as was done in the work of Ref.8, was in- 
convenient in our case, for in using a wide source one could not resolve most of 
the conversion lines. The procedure employed has the further advantage that in 
normalizing the I'/ax ratio to the 1222 kev transition we indirectly take into ac- 
count the scattering of the relatively soft positron radiation in the source, in- 
asmuch as most of the investigated transitions lie in the same relatively narrow 
energy range, so that the corrections for positron scattering are approximately 
the same. 

As a result of our measurements and calculations we arrived at the follow- 
ing multipole order assignments. 

1122 kev. The experimental value of Il/a, agrees with the calculated value 
for E2. The admixture of Ml, if any, must be small. This is in agreement with 
the available data on this transition. 

1188 kev. As will be evident from the table this transition is mixed. In- 
asmuch as the parity of the F level (Fig.1) is undoubtedly odd and Ml and E2 radi- 
ation is forbidden by the parity selection rules, it is apparent that the FB 
transition must comprise El radiation. Calculations by means of Eqs. (1)-(3) 
yield 75% El + (25+8)% M2. 

We note that the experimental value of the K conversion coefficient indi- 
cates 20% El + 80% E3; however, the experimental value of T'/ax in this case would 
be 3-4 times smaller than found in our work. Determination of the fraction of 
E3 in the 1188 kev transition is of great interest. Allowing for the measurement 
errors, we found that the admixture of E3 in this transition cannot exceed 20%. 
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tive, inasmuch as the experimental value of T/a 

calculated value for El. As noted above, 

of the K line for this transition may be a 
1275 kev. 


x differs appreciably from the 

the error in determining the intensity 

ppreciable. 

i275 kev. The data for the experimental I'/g, ratio indicate that this transi- 

tion is pce. Our experimental results are in best agreement with the data of 
Voinova et al’ on the intensity of this transition in the case of a mixture con- 
sisting of 80% El + 20% M2. 

1290 kev. The experimental value of I/a, indicates that the multipole order 
of this transition may be M2, E3 or higher. Comparison of the intensity data 
shows that this transition is probably M2. Thus, for example, according to the 
data of Voinova et al9 the relative intensity of this transition is 5 + 2; our 
data give an intensity of 3.3 for M2 and 10.2 for E3. 

Using the data of Sunyar’ for the lifetime of the F level and the data of 
Murray et al4 and Voinova et al2 for the relative intensities of the transitions 
departing from the F level, we calculated the partial lifetimes for these transi- 
tions. The calculations show that the probability for El transitions from the 
F level is appreciably lower than the probability for a single-particle transi- 
tion according to Weisskopf. Thus the FD transition is retarded by a factor of 
4-103, and the FB transition by a factor of 5-107. So great a hindrance for the 
FB transition can only be partially explained by K-forbiddenness. The probabili- 
ties for M2 type transitions from the F level to levels A and B are also lower 
than the probabilities for single-particle transitions. In this case the hin- 
drance factor is 100. 

According to our data, the fraction of E3 radiation in the FB transition 
does not exceed 20%. This means that the probability for an E3 transition can 

-exceed the probability for a single-particle transition by not more than a fac- 
tor of four. 


Physical-Technical Institute, 
Academy of Sciences of the USSR 
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DETERMINATION OF THE K SHELL CONVERSION COEFFICIENT OF THE 143 kev TRANSITION 
IN Prl41 By MEANS OF A 4x SCINTILLATION SPECTROMETER 
- L. Nemet 


The procedure employed in the present study for determining internal conver- 
sion coefficients is based on comparison, by means of a 4x scintillation spectro- 
meter, of the number of K x-rays accompanying internal conversion with the number 
of y-rays. We used a CsI(T1) crystal with a channel for introducing the source. 
The advantage of this procedure as compared with the usual scintillation method 
(source located outside the crystal!) is that in this case no errors are intro- 
duced by back scattering and "escape" of fluorescence photons; moreover the ef- 
ficienty of the crystal is close to 100%. Thus under favorable conditions (Ey < 
< 200 kev and simple decay scheme) one can determine the internal conversion co- 
efficients with an error not exceeding ~2%. In contrast, in the best measure- 
ments (for example, Ref.1) based on the usual scintillation procedure the error 
attains 8%. A 4x scintillation spectrometer was originally used for determining 
internal conversion coefficients by Brosi et al2,3, These investigators worked 
with two NaI crystals (each viewed by a separate photomultiplier) and measured 
the internal conversion coefficients of K capture isotopes by comparing the x-ray- 
x-ray and x-ray-y-ray coincidence peaks. In this case processing of the experi- 
mental results is somewhat more complicated and the resultant error more appreci- 
able. 

In the present work we determined the K conversion coefficient of the only 
y-transition (143 kev) occurring in B-decay of Ce!4l to prl4l, This isotope has 
been thoroughly studied, and its decay scheme is known4, Different authors°-8 
have obtained values ranging from 0.22 to 0.48 for Qy. 

The B-radiation was absorbed by plexiglas (80 mg/cm2). The radiations were 
recorded by a 128-channel AMA-3 type analyzer. The experimental spectrum is 
shown in the accompanying figure. 

The value of Ox was determined as 

oO acs 
K NW; ’ 


where Wy, is the fluorescence yield, and Vx and N, are the numbers of x- and Y- 
rays. In turn, 
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Pulses/min where Nx and NV, are the areas of the photo- 
5000 peaks (numbers of pulses) of the x- and y- 

radiations, IIx and Il, are the transmission 
coefficients of the plexiglas absorber, éx 
and e, are the integral efficiencies of the 
crystal, and ky and k, are the ratios of the 
photopeaks to the total count for the given 
radiation. The value of W, according to 
Wapstra et al? is 0.90 + 0.005. The average 
value of Nx/N, based on five measurements is 
07328" = 0,003; 

The values of the transmission coeffici- 
ents were calculated on the basis of the ab- 
sorption coefficients tabulated in the litera- 
turel0; the calculations yielded [y= 0.975 + 
+ 0.005 and Il, = 1.00. Numerical integration 
over the volume of the CsI crystal (assuming 
HW equal 0.34 mm! for 143 kev and up > 6.0 mn} 
for 37 kev) yielded ey = 0.997 + 0.001 and 

y and K x-ray spectrum ey = 0299272 0,002, 

In determining k one must take into ac- 
count the escape peak and the Compton scattering. For the K x-radiation (37 kev) 
we found that the escape peak equals 20 + 2% of the photopeak if the source is 
located outside the crystal. But in measurements with a 4x crystal most of the 
iodine fluorescence photons (29 kev) pass through the plexiglas container en- 
closing the activity and are finally absorbed by the CsI. Thus we obtained ky = 
= 0.988 + 0.002. For the y-rays (143 kev) the influence of the Compton scatter- 
ing and the effect of escape of the iodine fluorescence photons are negligibly 
small so that k, = 1.00. Johanson® and Zorzoli® in observing the spectrum of 
Cel4l detected in all their experiments a ~100 kev y-line, the intensity of which 

-amounted to ~10% the intensity of the 143 kev y-line. It was inferred that this 
| y-line belongs either to Cel41 or to some impurity present in the source. In our 
measurements with the source outside the crystal there also appeared a peak with 
an energy of ~100 kev. It was reliably established, however, that this peak ap- 
pears owing to scattering of the 143 kev y-rays at an angle of 90-180% from the 
crystal container, lead shielding, etc. This peak was observed with all experi- 
mental geometries; it disappears only if the radiation is very carefully colli- 

mated and all possible scatterers above the source are eliminated. 
Allowing for all the above mentioned sources of error, we obtained OQ = 
= 0.376 + 0.006. Repeat measurements with another similar Cs(T1l) crystal (20 x 
x 30 mm) yielded a value of Ox = 0.385 + 0.013. 
The weighted mean, accordingly, is 
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Ok = 0.379 + 0.005. 


It follows from the tables of Sliv & Bandll that for an Ml transition Qy = 


0.403, while for an E2 transition Ox = 0.412. id , 
I take this opportunity to thank V.N. Pokrovskii and E.P.Grigor'ev for valua- 


ple discussions and Yu.V.Narseev for assistance in preparing the Cel4l source. 


=~ .70ne 


References 


1. F.K.McGowan & P.H.Stelson, Phys.Rev., 107, 1674 (1957). 

2. B.H.Ketelle, H.Thomas & A.R.Brosi, Ibid., 103, 190 (1956). 

3. A.R.Brosi, B.H.Ketelle, H.C.Thomas & R.J.Kerr, Ibid., 113, 239 (1959). 
4, D.Strominger, J.M.Hollander & G.T.Seaborg, Table of Isotopes, Revs.Mod. 

Phys., 30, 585 (1958). 

5. James T.Jones, Jr. & E.N. Jensen, Phys.Rev., 97, 1031 (1955). 

6. S.Johanson, Arkiv Fysik, 3, 533 (1952). 

7. M.S.Freedman & D.W.Engelkemeir, Phys.Rev., 79, 897 (1950). 

8 

9 


. G.B.Zorzoli, Nuovo cimento, 5, 289 (1957). 
. A.H.Wapstra, G.J.Nijgh & R.Van Lieshout, Nuclear Spectroscopy Tables, 
Amsterdam, 1959. 
10. Beta- and Gamma-Ray Spectroscopy, edited by K.Siegbahn, Amsterdam, 1955. 
11. L.A.Sliv & I.M.Band, Tablitsy KVK y-izlucheniya Ch.I, K-obolochka (Tables 
of internal conversion coefficients, Part I - K-shell), M.-L., 1956. 


COULOMB EXCITATION OF NUCLEAR LEVELS IN p21, $33, mn55 AND pr141 py Ne29 Ions 
- D.S.Andreev, A.P.Grinberg, K.I.Erokhina & I. Kh.Lemberg 


The possibilities of investigating Coulomb excitation of nuclear levels are 
greatly enhanced if heavy ions are used as the bombarding particles. The reasons 
why it is advantageous to use heavy ions in Coulomb excitation experiments were 
examined in detail in Refs.1 and 2. Briefly, these are that when heavy ions are 
used as the projectiles the energy necessary to induce a significant number of 
transitions is relatively low compared to the Coulomb barrier, and the y-back- 
ground is less than when light particles are employed. 

This circumstance enabled us to study the excitation of the following levels: 
1.26 Mev in P31, 0.84 in S33, 0.98 Mev in Mn°9° and 0.142 Mev in Prl4l, In other 
laboratories, where experiments were carried out with Q-particles and protons, 
excitation of these levels could not be detected. 

The measurements were carried out by means of a scintillation spectrometer 
with a NaI(T1l) crystal, 40 mm in diameter and 40 mm in diameter and 40 mm thick, 
coupled to an FEU-11 photomultiplier. The associated electronic equipment con- 
sisted of a preamplifier, a cathode follower, a nonjamming amplifier, and two 
pulse-height analyzers connected in parallel: a 63-channel analyzer (type AMA-2) 
and a 100-channel analyzer (type AI 100-1). The energy scale of the spectrometer 
was calibrated both before and after the experiment with reference to two y-ray 
sources with y-ray energies slightly higher and lower than the measured values. 

The experimental procedure, equipment, and method of calculating the reduced 
transition probability B(E2) from the experimental data are described in detail 
in Refs.1, 2 and 3, 

The greatest uncertainty in the determined values of B(E2) arises from er- 
rors in calculating the specific energy loss dE/d(ex) of the heavy ions in the 
target and error due to the discrepancy between the calculated energy of the bom- 
barding ions and the actual energy. The method of calculating dE/d(ex) and the 
possible errors involved are described in Ref.4. The estimated error does not 
exceed 15% for nitrogen ions, but may attain 20-25% for neon ions. 
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Since the value of B(E2) calculated 
al to dE/}d(ex), the computed values of B(E2 
involved in determining dE/d(er). 


from the experimental data is proportion- 
) will comprise an error equal to that 


The error introduced into B(E2) as ar 
| \ esult of 
using a value of the ion energy E differing from the actual value will increase 


with the parameter —, i.e., with the atomic number of the target nucleus and the 
poersy QE of the excited level. For example, calculations show that in the ex- 
citation of the 1.26 Mev level in P31, a 3% decrease in the energy of Ne20 ions 
(23.2 Mev) leads to decrease of the yield by a factor of 1.5. 

aLt must also be noted that in the course of experiments on measuring the 
particle energy by deflecting the beam in a magnetic field we discovered that 
the deflected beam is split into several components, corresponding to different 
charges of the accelerated ions. This splitting into coinponents occurs because 
the cyclotron accelerated quadruply charged ions undergo charge exchange along 
their trajectory through air at 1074 mm Hg in the 3 meter ion channel; as a result 
there appear on the viewing screen, in addition to the intense main line corre- 
sponding to quadruply charged ions, fainter lines corresponding to ions carrying 
5, 6 and 7 unit charges. 

The change in the charge of the ions 

|126Mev 163 Mev entering the Faraday cup changes the rela- 


My tion between the current and the number of 
1500 particles caught. This leads to an error 
in determining particle energy and, conse- 
000 quently, impairs the accuracy of final cal- 
culation of the Coulomb excitation cross 
500 section. In order to reduce the error and 
thus obtain more accurate values of B(E2) we 
0 had recourse to a special procedure; this 


20 IO 48 50 consisted of measuring, before and after 
determining the Coulomb excitation cross 
Fig.l. Experimental y-ray spectrum section for the studied level, the Coulomb 


_ obtained in Coulomb excitation of excitation cross-section for a suitable 
phosphorus by quadruply charged "yreference”’ level for which the value of 
27.8 Mev Ne29 ions. B(E2) is known with good accuracy and which, 


therefore, could be used for normalization. 
In each case we chose for the reference level 
a level with an excitation energy close to 
that of the studied level, in a nucleus with 
Z as close as possible to the Z of the 
studied nucleus. 

When the measurement of B(E2) for the 


4 * ete reference level gave a value differing from 
Fig.2. Experimental y-ray spectrum the tabulated value, it was assumed that the 
obtained in Coulomb excitation of discrepancy was due either to incorrect choice 
sulfur by quadruply charged 23.2 of dE/d(pxr) and/or the fact that part of the 
Mev Ne20 ions. accelerated ions underwent charge exchange, 


or to incorrect determination of the bombard- 


ing ion energy. In the first case, since dE/d(ex) and the number of bombarding 
particles enter into the expression for B(E2) the normalization amounted to multi- 
plying the measured B(E2) for the studied level by the ratio of the known to the 
measured value of B(E2) for the reference level. In the second case the true ion 
energy was determined using the known dependence of the excitation yield a es 
ion energy for the case of the reference level. The reduced probability a the 
investigated level was then calculated using the corrected energy value. n a 
eral normalization was carried out by both methods, and the final result was taken 
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Fig.3. Experimental y-ray spectra 

obtained in Coulomb excitation of 

manganese with quadruply charged 

23.2 Mev Ne20 ions: a) without a 

lead absorber; b) with 1.25 mm 
lead absorber. 
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Fig.4. Experimental y-ray spectrum 
obtained in Coulomb excitation of 
praseodymium with quadruply charged 
27.8 Mev Ne29 ions. 
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as the average of the two resultant values 
of B(E2). As a rule, the difference between 
the two values did not exceed 10%. 

Under conditions where cyclotron-ac- 
celerated heavy ions are used in Coulomb ex- 
citation experiments the above described 
method of normalizing the results with re- 
spect to the excitation of reference levels 
allows of reducing the experimental error. 
The error in determining reduced probability 
for the reference level itself is usually 
small (<15%) and the error in B(E2) for 
the studied levels usually does not exceed 
20%. In the case of the level in P31, how- 
ever, the error was 30% for reasons which 
will be explained below. 

The results of our experiments on Cou- 
lomb excitation of P31, $33, mn°5 and prt4l 
are described below and summarized in the 
table. In these experiments the bombarding 
particles were quadruply charged 23.7 and 
27.8 Mev Ne ions accelerated in the Physical- 
Technical Institute cyclotron. The beam 
current measured at the target was about 1078 
amp. 

In the table AE is the level energy as 
measured in our experiments; AE* is the ener- 
gy as reported by other investigators; B(E2)T 
is the reduced probability for electric qua- 
drupole excitation of the level; T(E2) is the 
partial lifetime of the level with respect to 
electrical quadrupole de-excitation to the 
ground state; T is the total lifetime of the 
level (in order to calculate the total life- 
time of the level from the measured T(E2) it 


is necessary to know the intensity ratio of the E2 and Ml transitions from this 
level to the lower levels and to the ground state, as well as the intensity ratio 
for cross-over and cascade transitions, if the latter exist); T* is the lifetime 
of the level as reported by other investigators; F is the ratio of B(E2)¢, obtain- 
ed experimentally, to B(E2) sp, calculated by means of the single-particle formula. 


Reduced probabilities for Coulomb excitation of nuclear levels 
: Mn55 and pri41 


in p31, 533 


N = 
Te AE, Mey AE*, Mey 


Pale i202 0,029" 2268 45 


S% |0,83 +0,01 | 0,844+ 0,006 [6] 
0,839 0,005 [7] 


Mn® |(),98 + 0,01 | 0,983 [8] 
Pr'4! |(),142+ 0,003] 0,142 [9] 


B(E2) + 
2 
Xx 108, om 


t(E2),sec 


0,014 4,8-40-2 | 1,0.40-18 9,4 
0,0019 | 5,2-10-2 |<5/2.40-11 3'0 
0,012 |(5=13)-10-12) = ees 
0,0036 | 4,3-40-7 = 210-8 14°3 
[10,14j1 


Note: The numbers in brackets are references. 
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In our computations we took R = 1.2°10713 ql/3 cm 
The experimental y-Yay spectra are reproduced in Figs.1 through 4. 


Results and Discussion 
eee Ne Ol) 


who investigated inelasti 
Sa nie stic proton scattering by P31; these authors give AE = 


Previous attempts13 at Coulomb excitation of phosphorus were not successful 
owing to the interference of a strong background from the nuclear reactions in- 
duced by the bombarding Q-particles. In our work Coulomb excitation of the 1.26 
Mev level in P31 was investigated by means of 27.8 Mev Ne20 ions. The target 
was formed by compressing powdered red phosphorus. The y-spectrum comprises a 
1.63 Mev line (Fig.1), arising as a result of the Coulomb excitation of the 1.63 
Mev level in Ne20, and a 1.26 Mev y-line corresponding to the excitation of p3l 
In order to resolve the 1.26 Mev line, we had to subtract from the spectrum chet 
shape of the 1.63 Mev line; this shape was determined in a separate experiment 
BaP Mier esiesiS IG suarsvon) tue 125 ty dinero mtoe nee 
Eine ge e shape of the 1.26 Mev line obtained after subtrac- 

The 1.37 Mev level in Mg24 was used as the reference level. The target was 
‘ Rea ecas Sa Ae ar of B(E2)f for the 1.37 Mev level was taken as 

° . e“ cm ef.1). 

The reduced probability for the 1.26 Mev level in P31 was found to be 
0.011-10748 ¢2 cm4. The spins of both the ground level and the 1.26 Mev level 
are known: I, = 1/2+ (Ref.14), and If = 3/2+ (Ref.15). The latter assignment 
agrees with the results of earlier measurements of the angular correlation of 
y-rays from P31, Using these known values of Ig and I the partial lifetime of 
the 1.26 Mev state can be determined by means of the relations: 

0.819 - 10-13 | _ promo Clo*#1) 
t(£2) = (A E)®B(E2) 4’ B(E2)| om B(E2)t (21 j++ 4) 
wherein T(E2) is measured in seconds, AE in Mev and B(E2) in units of 10-48 2 
cm*, Calculations yielded T(E2) = 4.8°10712 sec. 

On the basis of experiments on the angular correlation of the cascade 1.26 
Mev and 6.76 Mev y-rays from p3l | Simonsl® found that the intensity ratio of E2 
and Ml transitions is 0.02. Using this value and the above value of T(E2), we 
calculated the total lifetime of the 1.26 Mev level and obtained T = 1.0-10713 sec. 

It must be noted that in view of the difficulties encountered in investigat- 
ing the 1.26 Mev level in P31 (low yield, the necessity of resolving the 1.26 Mev 
and 1.63 Mev y-lines, and the unavoidable use of a reference level for which the 
reduced probability is not known very precisely) above value of T(E2) for the 
1.26 Mev level may comprise an error of ~30%. 

$33, The existence of a level at 0.84 Mev in S33 is known from several 
studies of nuclear reactions. The most accurate measurements of the energy of 
this level were carried out by Endt et al6,7 who studied the C195(d,q)S33, and 
7, S32(d,p)S33 reactions. : 

Coulomb excitation of sulfur has hitherto not been realized owing to ube 
of GQ-particles for bombardment.13 We used quadruply charged oes Mev Ne20 ions. 
The target was compressed powdered sulfur enriched to 21.5% S (the abundance 
of $33 in natural sulfur is only 0.75%). The experimental eet i tN (Fig. 2) 
shows a 0.83+40.01 Mev line arising from Coulomb excitation of S by Ne20 ions. 


-~ T4 = 


The reference level used was the 0.99 Mev level in Ti4s, in this case the target 
was a titanium plate. B(E2)? for the reference level was taken as 0.070 (Ref.1) 
which agrees with the value obtained by Knapp-? from resonance scattering experi- 
ments. 

The spin of the ground state of S33 is 3/2t (Ref.14). The spin and parity 
of the 0.84 Mev level were determined by Holt & Marshaml8 and found to be 1/2*. 
The value of T(E2) calculated using the above spins is 5.2°-10711 sec. 

The total lifetime of this state cannot be determined at present inasmuch 
as AI in this case is consistent with both E2 and Ml transitions, and the rela- 
tive intensities of these are not known. It can only be said that tT < 5.2-10-11 
sec. 

mn55, The 0,98 Mev level in Mn°° is known from several studies of inelastic 
neutron scattering (for example, the work of Nath et al ,8) and from investigations 
of inelastic proton scatteringl9, 

In our experiments we used quadruply charged 23.2 Mev Ne20 ions. The target 
was a manganese film vacuum evaporated onto a nickel backing. As in the case of 
$33, the 0.99 Mev level in Ti4#8 was chosen as the reference level. 

In the spectrum obtained in bombarding manganese with Ne ions (Fig.3a) there 
appear two y-lines with energies of 0.85 Mev and 0.98 Mev. The 0.85 Mev line 
arises in the cascade transition from the 0.98 Mev level via the 0.126 Mev level. 
The 0.98 Mev line results from simultaneous detection of the 0.85 Mev and 0.126 
Mev y-rays. This was established by means of the following experiment: a lead 
absorber 1.25 mm thick was placed between the target and the crystal; this ab- 
sorber reduced the intensity of the 0.126 Mev y-rays by a factor of 60 but virtu- 
ally did not reduce the number of 0.85 Mev photons. With the absorber in place 
the 0.98 Mev line disappeared (Fig.3b), while the yield of 0.85 Mev y-rays was 
almost euqal to the sum of the 0.85 Mev and 0.98 Mev y-ray yields measured with- 
out the lead absorber. On the basis of the experimental data we evaluated the 
upper bound of the cross-over to cascade transaction abundance ratio as I,,/I 
Os1 

According to Nath et a8 | this ratio is 1:13. The reduced probability for 
excitation of the 0.98 Mev level is 0.012-10748 e2 cem*, The spin and parity of 
the Mn°° ground state are 5/2- (Ref.14). There are no data on the assignment 
for the 0.98 Mev level. Since Coulomb excitation induces an E2 transition, the 
possible assignments lie in the range from 1/27 to 9/27. The 1/27 value can be 
discarded, since in this case the transition from the 0.98 Mev level to the 
ground state would be E2, while the transition to the 0.126 Mev level would be 
M3 (according to Bernstein & Lewis29, the spin of the 0.126 Mev level is Tf 23). 
if the reduced transition probability from the 0.85 Mev level is taken as the 
value calculated by the single-particle formula, the intensity ratio of the 
cross-over to cascade transitions would be 2-106, which is in conflict with ex- 
periment. Similar reasoning does not, however, allow of giving preference to any 
one of the remaining possible assignments for the 0.98 Mev level. In view of 
this we could only calculate the possible range of partial lifetimes of the 0.98 
Mev level with respect to E2 transitions to the ground state: 


cas 


T(E2) = 5-10-12 to 13-10712 sec. 


prl4l, Investigation? of B-decay of Cel4l has shown? that prl41 has a level 
at 0.142 Mev. Coulomb excitation of this level was investigated by means of 6 
Mev Q-particles by Temmer and Heydenburg?! , who failed to detect the 142 kev Y¥- 
line. According to their data B(E2) < 0.01°10748 e@2 om4, 

Use of neon ions as the bombarding particles greatly reduced the y-ray back- 
ground associated with nuclear reactions on oxygen in the target; this enabled us 
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to investigate the excitation of praseodymiun. 


Fig.4 shows the y-ray spectrum obtained in bo i i 
with quadruply charged 27.8 Mev Ne20 ions. The SAA OLE ae nC LORE ae 
as the reference; the target was neodymium oxide enriched in Nd15° to 95.3%; the 
value of B(E2) = 2.3-10748 e2 om4 was taken from Adler et al. 22 ge 
In the calculation of B(E2) for the 0.142 Mev level in Pr141 the conversion 


coefficient was interpolated from the tables of Sliv & Band23 
transition is Ml, we have @ = 0.427. ; 


The spin and parity of both the ground state and the 0.142 Mev state are 
known”: they are 5/2t and 7/2+, respectively; thus from the measured value of 
B(E2) we could calculate the partial lifetime of the 0.142 Mev state; we obtain- 
ed T(E2) = 4.3-1077 sec, , 

The total lifetime of this state has been determined in several investiga- 
tions. According to Berlovichl® ang Metzger!1 | it is 2°1079 sec, Using this 
value of T, and the above value of T(E2), we calculated the intensity ratio for 


E2 and Ml transitions and obtained I(E2)/I(M1) = 0.0045. According to Cacho et 
al24, this ratio is 0.007+0.003. 


Assuming that 
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PROBABILITIES FOR GAMMA-TRANSITIONS IN ODD-ODD DEFORMED NUCLEI 
- D.A.Varshalovich 


Introduction 


The single-particle model with a deformed potentiall (Nilsson's model) satis- 
factorily explains the level diagrams of odd-Z and odd-N nuclei in the A*25-27, 
150-190 and >225 regions. 2 This model can be applied not only to odd but also 
to odd-odd deformed nuclei, inasmuch as many characteristics of these nuclei are 
determined by the quantum states Q> and Qh of the last unpaired proton and neu- 
tron. According to the independent particle model the Q)5 and Q) states will be 
degenerate with respect to K. The residual interaction of the unpaired nucleons 
removes the degeneracy, splitting each such state into two, corresponding to the 
two possible projections of the total angular momentum I on the nuclear symmetry 
axis: Ky = Q1 + Q2 and Kg = |Q,—Q:| (the two-fold +K degeneracy remains). Each 
state of the doublet will have its own rotational band. In the first approxima- 
tion the wave functions of an odd-odd deformed nucleus may be presented in the 
form 


2i+1 
@(IMx; K = Q,-+2,) = Ve { Duka,tx0,+ (— pad 2 eas Sak ng) a) (1) 


where the X2, and Xa, are Nilsson's functions characterizing the states of the 
unpaired proton and neutron, and Dare is a function describing the rotation of 
the nucleus. 

However, the residual nucleon interaction must somewhat mix the single par- 
ticle configurations. Each state with quantum numbers /Mn and KQ,Q, will have 
an admixture of states characterized by other values of Q,, Q, and K, but with 
the same spin and parity: 


¥ (Mn) = 4,0, (IM; KQ,Q,) + > uO; (Mn; K Q,Q35). (2) 


Here we shall consider only the cases when the residual nucleon interaction 
is weak, 4?<o? and the levels of the odd-odd nucleus can be characterized by 


definite values of 27,Q, and K. In such cases the y-transitions in odd-odd nuclei 
can be divided into three groups: 


l. Transitions between levels of the same rotational band: 
QF = Qas Q = Qe K! = k?. 
2. Transitions between the levels of a doublet or their rotational bands: 


QF, = Q2., OF = (a3. K} = R?. 


= 77a. 


3. Transitions between different doublets: 


Single-particle QL? B= Qf, Kit K?: 
two-particle 2.4923, Qh, Kia K?, 


Below we shall consider all three types. 


The characteristics of odd-odd nuclei (the spin and parities of the states, 


the y-transition probabilities, and the electric and magnetic moments) can be in- 
ferred from the properties of neighboring odd nuclei if the residual nucleon 
interaction is weak and the odd-odd nuclei are deformed in the same way as the 
neighboring odd nuclei. The available experimental data on the spins of the 
ground and isomeric states of odd-odd nuclei indicate that for nuclei far from 
the edge of the deformation region these conditions are fulfilled.3 

Mixing of states is observed in the case when two (or more) states with the 
same I and x have close energy values. Such mixing leads to some change in the 
excitation energies (levels with the same I and x are "repelled"), i.e., the 
order or sequence of such levels may change, but their spin and parity remain 
the same. The y-transition probabilities, however, may undergo appreciable 
changes, particularly in the case of transitions that were forbidden or strongly 
retarded with respect to the main configurations. For allowed transitions the 
effect of an admixture is substantially less. 


Electric and magnetic moments and probabilities for rotational transitions 


As is known, the probability for y-transitions between the levels of one 
rotational band can be related to the static moments of the nucleus. 4 

The electric quadrupole moment of a deformed nucleus and the probability 
for rotational E2 transitions are determined by the internal quadrupole moment Q,: 


_ 7 3-1 +4). (3) 
CO) = Cor ra eres 
B(E2,1,—>1,) = pq Oh (CHEE 2) © 


where I is the total angular momentum and K is its projection on the symmetry 
axis, and the Spa are Clebsch-Gordon coefficients. According to the assumed 
model the value of Q, characterizes the degree of deformation of the nucleus and 
varies little in going from one nucleus to another, provided the given nucleus 
is not at the edge of the deformation region. Hence the quadrupole moment and 
the reduced probability B(E£2) for a rotational transition in an odd-odd nucleus 
can be evaluated using the values of Qo for neighboring nuclei. 

It must be noted that in the case when K = 1 the quadrupole moment Q and 
the reduced probability B(£2) are determined not only by the internal quadrupole 
_ moment Oy= <A PIX q>> put also by the cross matrix element <y_,|@!x%,> (Q@ is the 
quadrupole moment operator, and {x is a function characterizing the internal 
eee magnetic moment LU. of a deformed nucleus and the reduced probability 
B(M1) for a rotational transition are determined by the pyr cnemne tt ratios gx, 
and gr, characterizing the internal and collective nucleon motion: 


W() = (Be 8x) a + Bal (5) 


I,K 


B(M1, T,—> I) = 2 (8 — 8p)? K? (Clik 10)*- (6) 


= 7Ste 


The value of the ratio g, in an odd-odd nucleus can be expressed in terms 
of go, and go» the internal gyromagnetic ratios of neighboring odd-proton and 
odd-neutron nuclei: 

80,2) + 80,2 
bx QE 7 


here the plus sign is taken for states with K = Q,+Q,, and the minus sign for 
states with K" = Q,—2,(Q,>,). According to the collective nuclear model, 
Spm Z/AX 0.4. Coupling between the internal and collective nucleon motions 
leads to some deviation of g, from the indicated value, but this deviation is 
relatively small (0.2<¢,<0.6). 


Table 1 
Magnetic moments of the "base" states of rotational bands (I = K) and 
reduced probabilities for Ml type y-transitions (Ij =K+1 Io = K) 


Proton | Neutron Q44+02 2-2, 
“uclcus 
ot | go Ee go K™ |p, nem. B(MI) K™ |p, neme B (M1), 
i Caner 2 (nome) 
uNajy 8/]-+2,15] ®/+|—0,89] 3* [41,79 |0,7-10-2] 0+ 0 - 
yiNazs 8/s+|42,15| 5/5t|—0,67| 4+ |+4+4,65 |3,0-10-9] 1+ | —2,20 | 2,06 
Ale 5/o*/4-4,80| §/o+|—0,67/ 5+ |+2,96 |0,9-10-2| OF 0 = 
PA */2|40,65) %/a"|—-0,60] 4 |+-0,91 |3,4-40-*| 1” | 44,47 | 0,32 
exp 37 
ryote 5/a*|+0,65| %/2| 0,62) 4- [40,88 [3,3-10-*] 1” | +4,48 | 0,32 
CxXp 3- 


mbes 8/.t|-1-4,49! 8/-|—0,60| 3- |4+4,34.13,4-10-4| O- | [40,42]] — 
eel bigs 8/o+|4-4,49] 8/2-|—0,62| 3- |+1,29 |2,5-40-4] O- | [+0,41] cat 
BaD ses 9/,*|-4, 401 8:.-|—0,38), 4. |-4-4,060 |4,6.10- 4) 4-9) 4 30a races 
piHlores 7/o-|+-4 ,12| 8/--|—0,62| 5* -|42,84 |2,5.40-2] 2+ | +3,50 | 0,92 
eHo!s? 7/9-|-++4 12] 5/o-|—0,38] 6+ |+2,90 |7,2-10-3| i+ | 42,64 1,43 


enHolet 7/o-|44, 12) 5/o+/+0,18] 6- |+4,10 |0,10 4- | +4,94 | 0,67 
67Ho' oo 7/e-|4+1,12) 7/e+|—0,25] 7- |+3,02 4,2-40-8] O- | [40,40] a8 
gabuies 1y,+|=-2, 201 ?/5*| 0525) | 44 |—-4,25: 10,54 3+ | +0,48 |4,6-40-2 
evt uli’ "/o*|—2,20] 1/e-]-4+1,38] 1- |—0,003/4,8-10-2] O- | [-+0,40] we 
pote 1/5/2520) 5/5-|—05 55}! -3= |—4556 10,63 2- | +0,08 |6,6-10- 


alu "/o*|-+0, 66) 2/2-|4+4,38| 4- [42,73 |7,1-40-2] 3- | 44,53 |6,7-40-3 
nbuyit 7/o*|+-0,66| 5/o-|—0,55} 6- {441,15 |6,7-10-2] 4- | +2,05 0 78 
nluyie "/o*|-+-0,66] 7/o-|+0,16] 7- |-+2,86 |4,2-10-5] O- | [49,40] ce 
qsTay “/a*|+0,70] 7/2-|-+0,16] 7- |+2,99 |5,2-10-4] 0- [40,44] — 
Tar] "/2*|+0,70} °/o+|—0,18) 8+ |+4,82 |6,1-10-2] 4+ oy: 0,96 
asT.ay°2 "/a*| 40,70] 2/o-|+-0,16} 4- [42,34 |3,4-10-2] 3- | +2,08 64.40" 


184 
rR 5/ot|+1,63] 3/2-|+0,16| 3- [43,43 10,40 yaa SRY ell ots 
rstey 5/ot]-+1,63] 8/o-|+0,46| 4- [44,14 10,39 4>*| 44,80, | 064 
mine §/2+|—0,09| 8/2-|+0,46] 3- |4+0,72 |2,4-10-2) o- |[+0,40]}| — 


Note: The magnetic moments uw given in brackets are for states with K™ = 
= 0 and Its sLieas 


Thus one can evaluate the magnetic moments and 
reduced probabilities for 
Ml type transitions in odd-odd nuclei by using the values of gx for neighboring 


~ 
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oe oS ee me at be evident from Table 1, that in contrast 
oO » 1n odd-odd nuclei the values of w and B(M1 
differ greatly from nucleus to nucleus. Hence rotational transitions in suakodt 


em in individual cases, be almost pure Ml, or in other cases, almost 


Transitions between levels of a doublet 
—$——— EN evets of a doublet 


4 In Kk, =2,+ 2,2 K, = {Q) — Q,.| y-transitions the states of the individual 
nucleons do not change: there occurs only relative reorientation of the angular 


momenta of the unpaired proton and neutron. The reduced probability (cd) for 
such a transition can be written in the form 


for Q2,>Q, B (90) = (CLE, ay)? | < Xa, | Bay. (2) | Xa, > 2, (8) 


— I,K: ia a 
for Q)= Q, B(SX) = (Cixi, ay)" | < Xo, | Bay (1) | Xo, + (Ao, | M>,.(2)|Xo,))2. (8") 
where (i) is the operator of the multipole moment of the i-th nucleon. 
The states of the doublet are characterized by the same parity. The spins 


of the state on which the rotational bands of the doublet are based differ by an 
odd number of units: 


AI = AK = 2Q3 (Q1 > Q)). 


Hence between the "base" states of the doublet there must occur y-transitions 
of the magnetic type with multipolarity \ = 2Q:, to which there may be admixed 
electric transitions of multipolarity X\ = 2Q, +1, i.e., M1(E2), Ms(E4) and M5(E6) 
type transitions. 

Between the rotational bands of doublets there may occur y-transitions of 
multipolarity \% < 2Q2,. However such transitions will be forbidden by the K selec- 
tion rules. 

It is evident from Eqs.(8) and (8') that the transitions between the levels 
of a doublet will be of single-particle character. The transition probability 
is determined by the state of only the nucleon which is characterized by the mini- 
mum value of ®. Only in the case when 2, = 2, will both unpaired nucleons make 
a contribution to the transition probability, and in this case there will enter 
into Eqs.(8) and (8') the same cross matrix elements that determine the static 
multipole moments of order 2d. * ¥ 

For example, in the case when Q, < Q, and Q,= 1/2 the spins of the base 
states of the doublet will differ by one unit. The transition between these states 
will be of the Ml type. The probability for this transition will be determined by 
the same values of go, gr and bo as the magnetic moment of a nucleus with 2 = 1/2 
(Ref.3). Knowing the magnetic moment and the probability for magnetic Ml transi- 


tions in an odd nucleus, one can determine the probability for an Ml type transi- 


whereas all electric transitions are 


tion between the levels of a doublet in an odd-odd nucleus. 

In general the probability for such transitions can be calculated using Nils- 
son's! single-particle functions, or it can be evaluated approximately by means 
of the selection rules” for the asymptotic quantum numbers V, nz, A and % charac- 
terizing the nucleon states in deformed nuclei. For transitions between the levels 
of a doublet AN= 0, Anz = 0, AA= 2Q+4, and AD=+ 1, so that magnetic transi- 
tions of multipolarity \ = 2@ are allowed as regards the asymptotic quantum numbers, 
forbidden with respect to the quantum numbers 


A and 2. 


= 80R= 


Transitions between different doublets 


In odd-odd nuclei levels belonging to different doublets may differ as re- 
gards the state of one nucleon or as regards the states of both unpaired nucleons. 
Accordingly, the y-transitions between such levels may be either single-particle 
or two-particle transitions. Two-particle transitions are strongly retarded as 
compared with single-particle ones. Hence in most cases the levels in question 
are de-excited by a cascade consisting of a number of single-particle transitions. 

The reduced probability B(sd) for a single-particle y-transition 


(2..Qz) Kyl, aa (2,25) Kel, 
in an odd-odd nucleus can be written as 
B(oi, Ky Ky) = (Gas rp)? <Xo’ [May (4) | Xo, fe (9) 


Between the levels belonging to rotational bands of different doublets there 
may occur y-transitions of multipolarity \ << {Q2,—®,]. Such transitions will, how- 
ever, be retarded owing to forbiddenness with respect to 2, and their intensity 
will depend on the magnitude of the admixture of states with other Q to the ini- 
tial and final states of the nucleus. The probability for allowed transitions 
can be calculated using the Nilsson functions ;,, and it can be evaluated approxi- 
mately by means of the N,n,, A and = selection rules. If the odd-odd nucleus is 
deformed in the same way as the neighboring odd nucleus, the 7-transition proba- 
bility in the odd-odd nucleus can be expressed directly in terms of the probabili- 
ty for the corresponding y-transition in the odd nucleus: 

! 12K 2 
Blah, Kyo ha) = (| Bicia@: a0) (10) 


J2Qe 
CHO8 Ap 


Experimental data 


Odd-odd deformed nuclei constitute one of the least studied groups. Hence 
the experimental data now available are inadequate for a detailed check of the 
deduced relationships. 

The experimental data of odd nuclei allow of predicting the spin and parity 
of the "base" and corresponding doublet states of odd-odd nuclei, calculating 
their electric and magnetic moments and the reduced probabilities for rotational 
Ml and E2 transitions. The calculated values of u and B(M1) are listed in Table 
1. In cases where the spin and parity of the ground or isomeric state have been 
measured or can be deduced from the decay scheme, they agree with the predicted 
values (for K™ = O7 and 1x = 17). The only exceptions are Eul52 and Eul54, The 
deformation of these nuclei (@,= 3/2) differs from the deformation of neighbor- 
ing odd nuclei (,= 5/2), inasmuch as these two nuclei lie at the edge of the 
deformation region. The deformation of the other odd-odd nuclei apparently dif- 
fers little from the deformation of neighboring odd nuclei. This assertion can 
be checked directly only for Lul76 , for which the quadrupole moment has been 


(Lu!7s) 


Q 
measured. The experimental value O (Lat) = 0.70 (Ref.6) agrees with the theoreti- 


cal value calculated on the assumption of equal deformation. 


The magnetic moments of only six odd-odd deformed nuclei hav 
e been 7. 
these are listed in Table 2. measured °; 
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Table 2 The ex j 
dasa Sorheacitd perimental and theoretical values of 
CCE apa of Odd-odd the magnetic moments for Eul52 and Eul54 differ 
eformed nuclei by 30%. For the other nuclei there is good agree- 
| eS a ae ment. 
Nucl- z |U nem.| Mtheo» 
a I Cxp.? Riss There are almost no data at present on the 
probabilities for y-transitions in odd-odd de- 
Nav 3t 175 +4,79 formed nuclei. The E2/Ml ratio has been measured 
eet es Hee only oes the 2°-->1~ rotational transition in Lul74 
Eus2| 3- | £2,020,5 | +4,32 Ma = 1 x Romanov et al® give (E2/M1) = (5 + 3)° 
Euls4| 3- £2 .420,5 +4 32 JANG eed n the neighborin 175 HE 
Cees beso | sake # g z odd nucleus Lu (K 


7/2*) the E2/Ml ratio for the 9/2t+—»7/2+ transi- 
tion is reported’ to ke 0.30. If we assume that 
the internal quadrupole moment is th i 
4 Q, is the same in 
Lul74 and Lul75 ana that the parameter b, = 0, we obtain a value of 8.2 + 2.0 for 
B (M1, Lul4 : A 
the Feta ratio, which is in good agreement with the theoretical value of 9.3 


calculated by means of Eqs.(5) and (7). 
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ELECTROMAGNETIC TRANSITIONS IN DEFORMED NUCLEI 
- Yu.N.Gnedin 


1. In analyzing electromagnetic transitions in deformed nuclei one should 
distinguish between transitions taking place between levels due to collective 
excitation of nucleon motion and transitions associated with internal excitation 
of the nucleus. The transitions of the first type do not affect the internal 
structure of the nucleus, hence the transition matrix elements can be expressed 
in terms of the static multipole moments. Theoretical data on transitions of 
this type are in good agreement with experimental results. It is also of inter- 
est to compare the experimental data with the calculated probabilities for 7- 
transitions of the second type, inasmuch as this can serve to verify the validity 
of the assumed nuclear models. Thanks to the recent accumulation of extensive 
experimental data such comparison is now possible. 

2. The theory of single-particle transitions in deformed nuclei was develop- 
ed by Nilsson! on the basis of the earlier work of Bohr & Mottelson2»3, 

The probability for an electromagnetic transition from an initial state with 
energy H;, angular momentum /;, projection M; of the angular momentum on an axis 
fixed in space, and parity 7; to a final state with L,,/;, M; and a; is given byl 


7 Bu (A¥+1) 1 /@\2+1 
Wor) = seen Ce) — BO) 


where io = l,;—FE,, % is the multipolarity of the radiation, and 
* 2 
AVES oy Wisma, w) Wide | 


My.» 
is the reduced transition probability (M(ad, »)is the multipole moment operator). 
The symbol a indicates the character of the transition: electric or magnetic. 
The single nucleon wave functions necessary for calculation of B(ak) were obtain- 
ed by Nilsson! in the adiabatic approximation for a deformed potential. In our 
calculations we used the internal conversion coefficients given by Sliv & Band4, 
The deformation parameters were taken from the data on Coulomb excitation>. In 
addition, we investigated the extent to which the asymptotic number selection 
rules proposed by Alaga® and Voikhanskii? are obeyed. 

3. The results of our calculations are summarized in Tables 1 & 2, wherein 
we also give the asymptotic quantum number selection rules pertinent to each 
multipole order. The results of our calculations in the form of log (T exp/T theo) 
are also shown in Figs.1 and 2, 

4. As will be evident from the tables, the best agreement with the experi- 
mental data is obtained for transitions of high multipole order. The divergence 
between the experimental and theoretical data is explained by the fact that the 
adiabatic approximation is not rigorous where description of actual nuclei is 
concerned and so that it is necessary to take into account collective effects. 
With increase of the multipolarity of the radiation the multipole moments associ- 
ated with collective nuclear motion decrease and the transitions become almost 
single-particle in character, 

In the case of electric transitions the calculated data for E3 transitions 
are in good agreement with the experimental data, inasmuch as at low energies 
the probability for excitation of octupole oscillations is low and the transi- 
tions are nearly single-particle transitions. In E2 transitions there do occur 
oscillations of the nuclear surface of the quadrupole type. In the region of 
energies under consideration oscillations of this type are most probable and 
make a substantial contribution to E2 transitions. In the case of one-phonon 
excitation the reduced transition probability is given by the formula 


Sk 


Fig.1. Comparison of the theoretical probabilities for radiative El, 
E2 and E3 transitions calculated on the basis of the unified micreny 
model with the corresponding experimental probabilities. 


a 9 5 1 
B(Eh) = * ZeeR» ae - 


where A is the nuclear mass, Ro is the radius, Zis the charge, and fiw, is the 
excitation energy. For X\ = 2 this probability is approximately 100 times higher 
than the single-particle probability. Thus the contribution from collective os- 
cillations of the nucleus leads to speeding up of the transitions relative to 
single-particle ones. It must be noted that El transitions are retarded by a 
factor of 10-100 as compared with what follows from the unified nuclear model. 
In this case collective effects do not play a significant role inasmuch as sur- 
face deformation with angular momentum equal to unity represents a simple dis- 
placement of the center of inertia, while the contribution from dipole oscilla- 
tions at such energies is very small. Taking into account pair correlation leads 
oxn to the appearance of an additional 
; factor which reduces the transition 
probability by one order of magnitude. 
| Near the Fermi surface this factor is 
of the order of 1/(p0A)?, where p) is 
the energy density of the levels at 
the Fermi surface and A is the width 
of the "energy slit’. Taking this 
factor into account results in better 
agreement of the theoretical probabili- 
ties for El transitions with the ex- 
perimental data. 

5. For magnetic transitions the 
agreement between the calculated and 
experimental data is on the whole 
Fig.2. Same as Fig.1, but for Ml, M2 and good. The greatest deviation (~100) ae 

M3 transitions. is observed for Ml transitions in Ta 
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Table 1 


Comparison of the experimental probabilities for electric transitions 
with the theoretical values calculated according to the spherical 


and unified nuclear models 


ine NOE ee | Chars We W 
N By We tat aes ’ _ CLS eee 
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i Table 1 continued 


Nucleus B | tieet i Nj nzjAj 24; Ky, {Char. | W | W, 
| Reoah Nemehyey  \oy | Of ane ees 
trans.| “exp | "def 
iri! 40 04/2 
114 | 0,428) 1/2+, 3/2 402-1 | 826] & | 0,07 | 4,22 
Np22? ~ rp 5.2 4+ 
oNpii, | 0,283} 3/2-,5/2 5234/9 [164,61 hm | 0,012 | 4,7-40° 
9 6 2244/2 | 
5/2+,4/2+ 63 1-1/2 |209,9) & | 0,012 | 4-402 
: 6 2 24/2 
5/2* 4/2 63 1-ti.  |228.4| m | 9,04 | 4,102 
shai 0,215 
5) 6 2 2441/2 
5/2*,4/2+ 63 it [277,79 KR | 0,34 | 60 
ee 6 2 24/2 
5/2*,4/2+ 631412 |285,6| b | 0,03 | 58 
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and Np237, In the first case (E2/M1) » 1, which indicates that there is a con- 
siderable contribution from collective motion. In our calculations the gyromag- 
netic ratio for the collective motion was determined on the assumption of uniform 
charge distribution, i.e., we took g, = Z/A, so that for Tal8l1 ¢2~0.4. In view 
of the fact that in the given case collective motion makes a large contribution, 
‘by increasing gp, one can obtain better agreement with experiment. Thus for gr = 
= 0.6 the difference between the theoretical and experimental probabilities is re- 
duced by a factor of about 10. In the second case, on the contrary, the 208 kev 
transition in Np237 is pure Ml and it can be regarded as a pure single-particle 
transition. In this case, if we take gp = 0, the calculated probability agrees 
with the experimental one. 

6. Analysis of the selection rules based on the asymptotic quantum numbers 
shows that these play a significant role in practice. If the transition is not 
forbidden, the ratio of the probabilities calculated on the basis of the shell 
model and the unified model is close to unity. If the transition is forbidden, 


-| 8G68= 


Table 2 
Comparison of the experimental probabilities for magnetic transitions 
with the theoretical values calculated according to the spherical 
and unified nuclear models 
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Table 2 continued 
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the unified model leads to lower values of the transition probabilities. As will 


be evident from the table, the magnitude of this probability ratio depends ap- 
preciably on the degree of forbiddenness. Forbiddenness as regards each one of 
the asymptotic quantum numbers increases this ratio by a factor of 10-100. 

Electric transitions prove to be more strongly forbidden than magnetic ones 
because in electric transitions the projection of the particle spin on the nucle- 
ar deformation axis does not change, whereas magnetic transitions can occur both 
with and without change of the projection of the spin on the deformation axis. 
Hence for electric transitions 1 is a more significant quantum number than for 
magnetic ones. Transitions of lower multipole order are more strongly forbidden 
than transitions of high multipolarity (for example, El and E3). 

Inasmuch as coupling between the single-particle motion and the deformation 
leads to displacement of space with orbital momenta differing by two units (/ 
and / + 2), in the case of high multipole order transitions the wave functions 
overlap to a greater extent because the number of states between which transi- 
tions of the given multipolarity may occur increases (>1). For example, Ml transi- 
tions occur between states with the same /, while transitions of higher multipole 
order may take place between states with different / as well. 

I desire to express my deep gratitude to L.I.Rusinov for his constant inter- 
est in the work and valuable suggestions. I also desire to thank D.A.Varshalovich 
who participated in discussions of the results. 
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INVESTIGATION OF THE DECAY SCHEMES OF Gal46, Ga147 AND Gal49 
BY MEANS OF A B-y COINCIDENCE SPECTROMETER 
- E.E.Berlovich, 0.V.Larionov, E.N,Tunimanova & D.M. Khai 


Introduction 


The first investigation of neutron-deficient isotopes of gadolinium was that 
of Shirley et all published in 1957. These authors investigated the conversion 
lines and the y-spectra of Gal47 and Gal49, in their report they also give unpub- 
lished data obtained by Strominger on y-y coincidences for these isotopes. 

In 1958 at the Eighth All-Union Conference on Nuclear Spectroscopy, Anton'eva 
et al2-4 reported on their detailed investigation of the conversion electron spec~- 
tra of Gal46, Gal47 and Gal49, ‘Then, in 1959, Dzhelepov et al5»® investigated co- 
incidences between the conversion electrons from these isotopes. Despite these 
careful investigations, however, a number of features in the decay schemes of 
these isotopes remained unclear. Yet Eul46, gyl47 and Eul49 are of undoubted in- 
terest inasmuch as these nuclei are located between the region of nuclei with a 
filled neutron shell (N = 82) and a region of abrupt change in the equilibrium 
shape of nuclei (N = 89). 

The nuclei 63Eus4’ and ggbuae?, which have less than 88 neutrons, may be 
classified among spherical nuclei and, accordingly, should be described by the 
Mayer single-particle model. As was noted by Anton'eva et al4, however, inter- 
pretation of their decay schemes from the standpoint of the Mayer model encounters 
certain difficulties. 

The most intense transitions, the 229 


9/2 We and 396 kev transitions in Eul47, and the 
~~ ~~~ 927. 1/77 150 and 346 kev transitions in Eul49, fit 
ole readily into the decay schemes (Fig.1) in 
"ye oe complete accord with the available experi- 
hyo mental data on the multipole orders, transi- 
a8 mrss tion intensities and coincidences. Loca- 
Ion iS tion of the tet intense 298 kev 
Joyo transition in Eul49, however, encounters 
ds, a tee difficulties: as follows from the analysis 
149 carried out by Anton'eva et al‘, there are 
Eu two alternatives for locating this level 
a 6b (see Fig.1,b), against both of which there 
Fig.1. Schemes of principal transi- may be raised serious objections, to say 
tions: a) in Eul47 | b) in Eul49, nothing of the fact that the spins in both 


cases cannot be explained in the framework 
of the Mayer model. A similar situation obtains in the case of the 370 kev tran- 
sition in Eul49, although the difficulty in this case is not as clearly evinced 
owing to the relatively lower intensity of this transition. With a view to clari- 
fying some of the details of the decay schemes for these isotopes we undertook an 


investigation of the cascade transitions therein by means of the coincidence tech- 
nique. 


Equipment and procedure 


The coincidence spectrometer used for the experiments is diagramed in Fig.2. 
It consists of two arms. One arm is comprised by a sector type magnetic spectro- 
meter with improved focusing. 8 The luminosity of this spectrometer is about 1%; 
the resolution 1.9%. The electrons are detected by a stilbene crystal coupled 
to a photomultiplier. The second arm of the apparatus is a scintillation spec- 


Fig.2. Diagram of coincidence 
spectrometer: 1) magnetic 
spectrometer (a - source cham- 
ber, b - deflection chamber, 

c - counter chamger, d - source) ; 
2) limiter, 3) variable delay 
line, 4) fast coincidence unit, 
5) differential pulse height ana- 
lyzer, 6) triple coincidence cir- 
cuit, 7) scaler; Aj, Ag and Ag - 
amplifiers; PM - photomultiplier. 


= 5°1079 sec. 
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trometer with an NaI(T1) crystal. The lumi- 
nosity of this spectrometer varies, depending 
on the geometry of the experiment, from 25 to 
15%; the relative half-width of the Cs137 
photopeak is 12-12.5%. The crystal is located 
in the vacuum of the source chamber and coupled 
by means of a light pipe to the photomultiplier 
which is mounted outside the source chamber. 
The photomultiplier is protected by a magnetic 
shield consisting of two coaxial cylinders of 
Armko iron. The resolution of the scintilla- 
tion spectrometer was limited mainly by the 
quality of the crystal. 

Both spectrometers were connected into a 
fast-slow coincidence circuit with a variable 
delay line. 8 

The detectors are two FEU-14 type photo- 
multipliers designed by G.S.Vil'dgrube. The 
presence of a "slow" crystal in the scintilla- 
tion arm limits the resolving time of the cir- 
cuit; the apparatus time of the coincidence 
curve is 2t = 7°10-9 sec (for B-y coincidences 
obtained with a CoS0 source, the energy of the 
continuum electrons being 150 kev and that of 
the Compton electrons 400-600 kev). The time 
resolution curve recorded under the same con- 
ditions but with a stilbene crystal in the 
scintillation arm is characterized by 2T = 


The described set-up is designed for measuring the lifetime of excited nu- 


clear states in the range from (2-3)+10-9 to (6-8) +1078 
tial spectra and also for investigating cascade transitions. 


sec, for measuring par- 
The high ratio of 


the number of true coincidences to the number of chance coincidences makes it 
possible to measure coincidences between conversion electrons and y-rays of low 


intensity. 


Experimental results 


Gal46, 


The curve obtained in measuring the coincidences between the K con- 


version electrons of the (114.8 + 115.5) kev transitions with the y-rays from the 


gadolinium fraction is shown in Fig.3. 


The measurements were carried out 100 days 


after separation of the fraction from the tantalum target bombarded with 660 Mev 


protons. 
in Fig.4. 


The analogous curve for the K line of the 155 kev transition is shown 


In the first case there are two not fully resolved coincidence peaks: peak 
1 represents K114.8-y115.5 and K115.5-y114.8 coincidences; peak 2 represents 


K(114.8+115.5)-v155 coincidences. 


The experimental results, although they substantiate the fact that all three 


transitions are in cascade, 


do not yield any new information to supplement the 


data obtained by Dzhelepov & Sergienko® on a twin magnetic lens spectrometer, in- 
asmuch as no additional coincidences in the higher energy part of the spectrum 


were detected. 
decay scheme for Ga146 


Thus our experimental 2 
proposed by Anton'eva et al*. 


data merely substantiate the well-founded 
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Fens Fig.4 
Fig.3. Coincidences between the K electrons of the (114.8 + 115.5) kev transi- 
tions and the y-rays of Gd146 recorded by the scintillation arm of the spectro- 
meter: a) coincidence curve, b) spectrum obtained by means of the y-spectro- 
meter. 
Fig.4. Coincidences between the K electrons of the 155 kev transition 
and the y-rays of Gd146; a) coincidence curve, b) spectrum obtained by 
means of the y-spectrometer. Insert - decay scheme for Gal46, 


Gal47, For investigating the decay of 35-hour Gdl47 the source with the 
gadolinium fraction was placed in the spectrometer a few hours after separation 
of the fraction from the proton bombarded tantalum target. 

The experimental curves characterizing the coincidences of the K electrons 
of the 229 kev and 396 kev y-transitions with the y-rays of Gd147 are shown in 
Figs.5 & 6; in these figures we also give the singles y-spectrum recorded by 
means of the y-scintillation spectrometer. 

As will be evident from Fig.5, the K-229 electrons yield coincidences with 
the 396 kev y-rays. The coincidence peak, however, is noticeably broadened ow- 
ing to an admixture of 370 kev y-rays. The intensity of the 370 kev y-transi- 
tion, according to the data of Shirley et all, is about 1/2.5 the intensity of 
the 396 kev transition. However, the addition to the coincidence peak from the 
370 kev photopeak is actually appreciably smaller; this is explained by the fact 
that the 370 kev y-transition lies above the isomeric state, the lifetime of which 
is substantially greater than the resolving time of our coincidence circti ti-e4nh 
our experiments the apparatus time of the coincidence circuit was increased to 
2°10°" sec, while the lifetime of the 625 kev state, according to our earlier 
measurements , is T = 7.11077 sec. 

The coincidence curve also has other maxima, although less pronounced, 
located at 560 + 20 and 760 + 25 kev and a weak rise in the vicinity of 900 kev. 
It must be noted, however, that owing to its small size the efficiency of the 
Nal(T1) crystal used in our equipment is relatively low in this energy region. 

The K-396 electrons yield coincidences with the 229 kev y-rays (Fig.6). In 
addition there are evident low peaks at 480 + 30 and 560 + 30 kev. The number 
of coincidences with the K-396 electrons is an order of magnitude lower than the 
number of coincidences of the hard y-rays with the K-229 kev electrons. 
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Fig.5. Coincidences between the K electrons of the 229 kev transition and the Y- 
rays of Gal47; a) coincidence curve, b) spectrum obtained by means of the y-spec- 
trometer. 

Fig.6. Coincidences between the K electrons of the 396 kev transition 
and the y-rays of Gd!47; a) coincidence curve, b) spectrum obtained by 
means of the y-spectrometer. 


Gal49, For investigating the decay of this 10-day gadolinium isotope we 
used a gadolinium fraction that was held for 10-15 days after separation from the 
tantalum target in order to allow the 35-hour Gd147 to die out. In one series of 
measurements we used gadolinium specially purified of the 24-day europiun, 

The curves for the K electrons of the 149.8 and 346 kev transitions in co- 
incidence with the y-rays of Gdl49 are shown in Figs.7 & 8. As in the previous 
figures, we also give the singles y-ray spectrum recorded by means of the 7- 
scintillation arm. As will be evident from Fig.7, the K-149.8 electrons yield 
coincidences with the 346 and 530 + 20 kev y-rays. There is also some indication 
of a rise in the region of 650 kev, but in view of the statistical uncertainty 
the existence of a peak at this energy is open to question. 

The K-346 kev electrons yield coincidences with the 149.8 and 298 kev y-rays. 

In the work of Dzhelepov et al® there were observed no coincidences between 
the 149.8 & 298 and 346 & 298 kev transitions. According to our data, however, 
the existence of coincidences between these y-rays is evident directly from the 
peak in the coincidence curve of Fig.8 and from the broadening of the coincidence 
curve in Fig.7, respectively. Moreover, as will be apparent from a careful ex= 
amination of Figs.7 and 8, the heights of the 149.8 and 346 kev coincidence peaks 
differ from those of the lower peaks by at least an order of magnitude. Simple 
calculations taking into account the relative intensities of all the above transi- 
tions (taken from the work of Shirley et all) show that the number of coincidences 
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Fig.7. Coincidences of K electrons of 

the 149.8 kev transition with the 7- 

rays of Gdl49; a) coincidence curve, 
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Fig.8. Coincidence of K electrons 
of the 346 kev transition with the 
y-rays of Gdl49; a) coincidence 
curve, b) spectrum obtained by 
means of the y-spectrometer. 


of K-346 kev electrons with 298 kev 
y-rays is less than the expected num- 
ber by an order of magnitude. This 
becomes obvious from an examination 
of the data in the accompanying table 


in which we give the calculated and experimental ratios of the areas under the 
coincidence peaks for the transitions in Gal49, 

As will be evident from the table, in the first case the experimental and 
calculated ratios are close (6.6 and 10, respectively); in the second case, the 
experimental and calculated values differ by more than an order of magnitude. 

This divergence between the calculated and experimental values of the ratio is 
readily explained by the existence of an isomeric level at 497 kev (h,,/.). In 

the first case the 530 kev y-rays, in cascade with the 149.8 kev transition K 
electrons, bypass the isomeric level and yield prompt coincidences. In the sec- 
ond case, the 298 kev y-rays, yielding coincidences with the K-346 electrons, go 
through the isomeric level, the lifetime of which according to our earlier measure- 
ments’, is 2.5-1076 sec, i.e., is two orders of magnitude greater than the appara- 
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Fig.9. Delayed coincidences of the K electrons of the 149.8 kev transition with 
the y-rays of Gdl49; a) delay coincidence curve, b) singles y-spectrun. 

Fig.10. Delayed coincidences of the K electrons of the 298 kev transi- 

tion with the y-rays of Gal49; a) delay coincidence curve, b) singles 

¥-spectrun. 
W,coinc/hr 
tus of our coincidence circuit. Hence 
the number of coincidences recorded is 
comparatively low. 

To obtain direct evidence for the 
existence of the isomeric level we car- 
ried out a series of special measurements 
of the delayed coincidences of the K elec- 
trons of all three transitions with the 
y-rays. These measurements were carried 
out by means of a 100-channel pulse height 
analyzer connected to the scintillation 
arm of the spectrometer. An additional 
delay of 2 microsec was introduced into 
the channel set on the 298 kev y-line. 
The coincidence circuit was triggered 
by pulses from the magnetic spectrometer. 

200 400 600 E, kev These pulses, shaped and limited in height 
Fig.11. Delayed coincidences of the after amplification, were applied as syn- 
K electrons of the 346 kev transition chronizing pulses to the 100-channel ana- 
with the y-rays of Gdl49; a) delayed = lyzer. 
coincidence curve, b) singles y-spec- The delayed coincidence curves are 
trun. reproduced in Figs.9, 10 &11. As will 
be evident from the figures, delayed co- 
incidence peaks were evinced in each case. In these experiments the ratio of the 
number of true coincidences to chance coincidences was greatly increased as come 
pared with the previous experiments, inasmuch as the resolving time of the coin- 


cidence circuit in this case was 5°107-° sec. 


Aen 


Discussion 


On the basis of the experimental data it may be asserted that the 298 kev 
transition in Eul49 is in cascade with the 346 and 149.8 kev transitions, that 
this transition occurs above the isomeric level and that it departs from a level 
at 795 kev (see Fig.7). This level, as was indicated by earlier authors3, may 
be assigned a spin and parity of 9/27 or 11/27; inasmuch as in the given shell 
there are no other levels with so high a spin, this level cannot be regarded as 
a single-particle one. If we accept that the configuration of the ground state 
of Gdl49 is fh. (inasmuch as with f,, electron capture from the metastable hu,, 
level is twice forbidden, which is in conflict with the experimental data) eur 
follows that the 795 kev level may be excited with the same probability as the 
496 kev level (the energy difference in both cases is approximately 30% and the 
transitions are allowed). However, the 9/27~ assignment implies the existence 
of a very intense El transition of 644 kev energy, which has not been observed. 
One could hypothesize the existence of some additional forbiddance for such a 
transition in view of the fact that the 795 kev level is not a single-particle 
one but has some other nature. It is more probable, however, that the assign- 
ment for the 795 kev level is 11/27; in this case the transition from this level 
to the 149.8 kev level (g,,) can be of the M2 type. The lifetime of the level is 
determined by the appreciably more intense 298 kev transition (Ml + E2). The 644 
kev transition, although it is admittedly weak, apparently does occur; this fol- 
lows both from the data of Shirley et al~* and from the results of our measurements. 

The fact that the intensities of the 346 and 298 kev transitions are approxi- 
mately equal can be explained by the fact that excitation of the 497 kev level by 
electron capture is more probable than excitation of the 795 kev level, which has 
a different internal structure. 

In other respects our data on coincidences are consistent with the decay 
scheme for Gdl49 proposed by Anton'eva et al3, 

The decay scheme for Gdl47 (Ref. 2) is, as far as the characteristics of the 
first three excited levels are concerned, analogous to the decay scheme for Gal49 
(see Fig.5). However, in this case there obtains an intense transition from the 
995 kev level to the first excited level at 229 kev, which is substantiated by 
our results. The intensity of this transition, according to the data of Shirley 
et all, exceeds the intensity of the 370 kev transition (Ml) from the same level 
by a factor of two. In the insert in Fig.5 we give only the principal part of 
the decay scheme of Gd147 and indicate the cascade transitions observed in the 
present work. Anton'eva et al2 observed a great number of conversion lines in 
the spectrum of Gd147; as these authors note, many of the corresponding transi- 
tions can only be tentatively located in the decay scheme for this isotope. 
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THE PHOTORITRON 
(A gamma-spectrometer for the low-energy region) 
- B.S.Dzhelepov & Yu.V.Khol'nov 


Introduction 


The ritronl, a magnetic y-spectrometer utilizing recoil electrons, has been 
in use for a number of years in the Radium Institute for investigating the high 
energy sections of y-ray spectra. This limitation of the ritron is connected with 
the fact that the spectral sensitivity of the instrument decreases with decrease 
of the y-ray energy (see the Sy curve in Fig.9). The decrease in efficiency be- 
comes particularly noticeable at energies <600 kev, and at energies of 200-300 
kev the ritron can no longer be used for studying y-spectra. 

Yet many isotopes emit y-rays in the low energy region, and knowledge of 
their relative intensities is frequently essential for constructing the level 

diagrams. 

Hence we undertook the task of extending the working region of the ritron 
to the side of lower energies. 

In order to enhance the sensitivity of the ritron in the low energy region 
it was natural to attempt to use photoelectrons ejected by the y-rays from a 
target located under the same conditions as the cellophane target employed in the 
ritron, but prepared of a substance with a substantially higher Z. 

A large cross section for the photoeffect should lead to increase of the 
spectral sensitivity; a number of factors, however, act in the opposite direction: 
greater divergence of the photoelectron beam as compared with the Compton electron 
beam, greater scattering of electrons in high @ targets, etc. Hence utilization 
of the photoeffect can be advantageous only under certain conditions. Therefore, 
our first task was to determine these conditions. 


Choice of conditions for measurement 
OO ee ne 


Wen io odeiorerconteisiA instrument! a diagram of which is shown in Fig.l. In 
working with recoil electrons the target was usually a 50 » thick cellophane film. 
For measuring the background the target was withdrawn BU en soba, eh a 
ed to the bottom of the instrument by means of a slider in the lower part of the 
ritron. For the experiments with photoelectrons we prepared targets of lead and 
bismuth; these were mounted in frames attached to a second slider, which was in- 
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Fig.1. Horizontal section view of the ritron: S - source; 1 - window, 2 - target, 

3 - slider for withdrawing target, 4 & 5 - principal slits, 6 & 7 - counters, 8 - 

auxiliary apertures, 9 - connections to vacuum pump, 10 - back wall of instrument, 
11 & 12 - shielding blocks, 13 - collimator. 
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stalled in front of the first one, so that for measuring the background the photo- 
electron target could be pulled up out of the bean. 

In order to determine the optimum target thickness we carried out experi- 
ments with Eul52-154, his activity is convenient in that its spectrum comprises 
three intense lines with energies of 122, 244 and 345 kev, i.e., precisely in the 
low energy region of interest to us. 

The Eul52+154 activity also emits many hard y-rays with energies up to 1400 
kev. These y-rays give rise to a recoil electron background (Compton ‘'tails") 
in the region of the photoelectron lines corresponding to the 122, 244 and 345 
kev y-rays. 

The spectrum of photoelectrons ejected by the 122, 244 and 345 kev y-rays 
was investigated with three targets: 13.5 mg/cm* Pb, 7.5 mg/cm2 Bi and 3.7 mg/cm2 
Bi. The results obtained are shown in Figs.2,3 & 4. In Fig.2 there are clearly 
discernible the three principal lines: L-122, K-244 and K-345. 

Fig.3 gives the variation of the relative line half-widths and Fig.4 the 
variation of the height of the peaks (above the Compton tail) as a function of 
the target thickness. It will be evident that the resolution of the instrument 
increases with decrease of the converter thickness. The heights of the L-122 and 
K-244 peaks remain virtually constant, while the intensity of the K-345 line de- 
creases with decrease of the target thickness. At the same time the height of 
the Compton tail from the high energy lines also decreases. We opted for the 3.7 
mg/ca* bismuth converter. It was found that in this case the photoelectron count- 
ing rate at the peak of the K-345 line was approximately equal to the counting 
rate at the peak of the 345 kev Compton line with a 50 uw thick cellophane target. 

Thus we chose a Bi target thickness for which the efficiemcy of the ritron 
in detecting photo- and Compton electrons in the 350 kev energy region is ap- 
proximately the same, but as we shall show below the efficiency of the "photo- 


ritron" is appreciably higher than the efficiency of the "Compton-ritron" in the 
region of lower energies. 
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Fig.3. Variation of the relative 
photoelectron line half-width A 
with the converter thickness d. 

Fig.4. Variation of the counting 


Spectrum line shape rate at the peaks of the soft 
photoelectron lines of Eulo2+154 
In order to resolve experimental spec- with the converter thickness d. 


tra into components, one must know the vari- 
ation of the shape of the spectrum lines as a function of the y-ray energy. 

We investigated the spectra of electrons ejected from the 3.7 mg/em2 bis- 
muth target by y-rays with energies of 100 (Sml53), 145 (Cel41), 190 (in114), 
280 (Hg293), 411 (Aul98) and 660 kev (Csi37), The results of these measurements 
are shown in Fig.5. 

The softest monochromatic y-rays are evinced by one photoelectric line - 
the L line (with a small hump on the right side due to the unresolved M line). 
In the case of Sml153 the K electrons ejected from the Bi target have an energy 
of 10 kev and hence are not detected by the instrument (they are absorbed in 
the target and counter windows). 

In the case of Cel41 (145 kev y-rays) there already appears the K line. 
Then in the photoelectron spectrum of In114 the K line exceeds the L line in 
height. In the spectrum of Hg203 there appears the Compton electron line (5280) 
the Compton line becomes more intense in the spectrum of Aul98, In the case of 
Csi37 it becomes equal in height to the K-660 line, 

Fig.6 shows the variation of the relative half-widths of the K and L lines 
as a function of the y-ray energy. For comparison we also give the curve for 
the Compton electron lines (6). The higher resolution of the photoritron is 
Clearly evident. The variation of the K/L intensity ratio as a function of the 
y-ray energy is shown in Fig.7. This ratio equals zero in the region of 100 kev 
and then rapidly increases to a "saturation value" at about 250 kev. We used 
this curve for plotting the spectral sensitivity function of the instrument. 


Calibration in energy 


The K and L lines shown in Figs.2 and 5 correspond to y-rays the energies 
of which are known precisely. We determined Homax for the lines as the values 
on the Hp scale of the intersections of straight lines drawn through the steep- 
est parts of the left and right hand sides of the line peaks. 
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Fig.6. Variation in the relative 
half-width of the Compton (0), K 
and L photoelectron lines as a 
function of the y-ray energy. 
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Fig.7. Variation of the intensity 
ratio of the K and L photoelectron 
lines with the y-ray energy. 


The relation between Ey and Hpmax 
is shown in Fig.8 for the K and L lines. 
Using these curves one can readily deter- 
mine the y-ray energy to within 0.5%. 


Calibration in intensity 


The problem of calibrating the in- 
strument in intensity is more complex. 
We define the spectral sensitivity func- 
tion of the ritron as the variation in 
the counting rate at the line peak with 
the energy on the assumption that the 
y-ray source emits equal numbers of y- 
rays of different energies per unit time. 
This function S, was determined for the 
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ritron so that S,; = 1 at E, = 1 Mev. 

Let us determine the analogous function for 
the photoritron in terms of the heights of the 
K and L photoelectron lines (after subtraction 
of the background and the tails). In this case 
we obtain two curves for the efficiency of the 
instrument as regards the K and L lines, i.e., 
the functions S* and S%. 

In the case of y-rays having energies of 660, 
411, 345, 280 and 190 kev one can readily obtain 
the corresponding points. Using the same sources 
we investigated the recoil electron spectrum 
(cellophane target) and the photoelectron spec~- 
trum (Bi target, K and L lines). Then from the 
ratio of the counting rates at the peak of the 
K or L line and the recoil electron line and the 
known value of S, for the given energy we could 


readily calculate S* = Be: and S/ seis « At 
energies under 190 kev, however, the Compton 
lines do not appear and hence the location of the 
calibration curve for the ritron is unknown. 
Therefore, for hv = 100 kev (Sm153) we determined 
the efficiency of the instrument by the following 
absolute procedure. 

The absolute activity of the Sm153 source 
was determined by means of the B- and y-calori- 
meters of the All-Union Scientific Research In- 
stitute for Metrology, and found to be 156 mC. 
Knowing the number of y-rays per decay for the 
100 kev line of Sm153 (0.33) and having determin- 
ed experimentally the number of coincidences at 
the L peak, we calculated the coincidence count- 
ing rate at the peak of this line for an activity 
of 1 curie emitting y-rays of the given energy in 
the amount of one photon per disintegration. 
Since we knew the absolute value of the division 
on the vertical scale in Fig.9 (S, = 1 corresponds 
to 654 coincidences per minute at the peak of 


the Compton line for 1 curie and hy = 1 Mev), we could plot the point for L-100 


in Fig.9. 


We have also plotted in Fig.9 the points corresponding to the 122 and 244 


kev y-rays from Eul52+154, 


The intensity ratios of the L-122 and K-244 lines 


relative to the K-345 Line (S$ for which is known) were determined experimental- 
ly. For determining 5(122) and S* (244) it was necessary to know the relative 
intensities of the 122, 244 and 345 kev y-rays emitted by the Eul52+154 source 


(the 122 and 244 kev lines belong to different isotopes). 


Zhukovskii2 investi- 


gated the y-spectrum of the same europium source and determined the relative ac- 


tivities of these two isotopes: T152/154 = 0.21 + 0.03. 


The relative probabili- 


ties of the transitions in question were also taken from the work of Zhukovskii, 
who analyzed the decay scheme for Eul52 and Eul54 on the basis of all the cur- 
rently available experimental data. 
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Inasmuch as the L-345, L-244 and K-122 lines were not observed in the photo- 
electron spectrum, the corresponding points were plotted on the basis of the 
energy dependence of the K/L ratio (Fig.7). 

Hence in investigating a radioactive isotope, for determining the relative 
y-ray intensities, one must divide the experimental heights of the observed K 
and L peaks by the appropriate §* or 5S” , 

Inasmuch as all three spectral sensitivity curves are uniquely related, they 


allow of determining relative intensities of y-rays in the entire accessible ener- 
gy range. 
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ThL60 photoelectron spectrum 


In order to illustrate use of the instrument under the new "photoritron” 
conditions we reproduced the spectrum of photoelectrons ejected from the Bi tar- 
get by the y-rays from Tp160 | which has a very complicated spectrun. 

Fig.10,a shows the low energy part of the spectrum of Tb160 obtained by 
means of the ritron under the usual conditions, i.e., the recoil electron spec~ 
trum. One can clearly discern one line corresponding to 298 kev y-rays. 

In the photoelectron spectrum (Fig.10,b) there appear five lines: L-86, 
K-196, K-214, K-298 and L-298. Using the curves of Fig.9 we determined the rela- 
tive intensities of the corresponding y-rays; they proved to be, respectively, 
34, 7.8 and 66 (in relative units, the intensity of the 965 kev line being taken 
as 100). 

For purposes of comparison in Fig.10,c we reproduce the spectrum obtained 
by Kratsik? on a n/2 B-spectrometer. Although the lines in this spectrum are 
appreciably narrower than those obtained with our instrument, it will be evident 
that the ratio of the heights of the photopeaks to the Compton background is con- 
siderably higher in our spectrun. 

Recently, operating the ritron under the new conditions, we succeeded in de- 
tecting the L line of the 65 kev y-rays emitted by W187, 


Conclusions 


Use of photoelectrons in the ritron enabled us: 

1) to extend the useful range of this y-spectrometer down to ~60 kev; thus 
one can now determine y-ray energies and relative intensities in the entire range 
from 60 to 3000 kev by means of one instrument, 

2) to enhance the resolution of the ritron in the region of low energies, 
and 

3) to obtain a better photopeak height to Compton background ratio than is 
attainable with other spectrometers. 

We take this opportunity to thank E.A.Khol'nov for the calorimetric measure- 
ments and students A.Ushakov, V.Rumyantsev and E.Vinogradov as well as E.Arutyun- 
yan and G.Shchukin for assistance in carrying out the measurements on the ritron. 
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_ DETERMINATION OF THE RELATIVE PROBABILITIES FOR ELECTRON CAPTURE FROM THE 
L AND K SHELLS IN THE DECAY OF Cr°l, zn65 anp Ge71 


- A.A,Konstantinov & V.V.Perepelkin 


The ratio of the probabilities for electron capture from the L and K shells 
has been determined experimentally only for a few electron capture isotopes. 

The results of theoretical calculations of this ratio!»2 are in satisfactory 
agreement with the experimental data%»4 only in a few cases. Yet knowledge of 
the L and K electron capture ratio A,/\, is necessary for determining the activi- 
ties of electron capture sources and plotting the decay schemes. 

=a For determining the values of the 4, /A, ratio in the decay of Cr5l, zn®5 and 
Ge we used a 4x proportional counter to detect coincidences between the K x- 
rays and the L Auger electrons (L - MM and similar transitions). The small nun- 
ber of L x-rays (about 1%) emitted by sources of the above isotopes is virtually 
completely absorbed in the gas filling the counter; hence they are detected by 
the 4x counter just like L Auger electrons. 

The radioactive isotope deposited on a thin (0.2-0.4 uw) celluloid film was 
mounted between the two halves of the 4x counter (see Fig.1 in Ref.5). The cellu- 
loid film was covered with a thin layer of bismuth (~0.01 yu) to insure greater 
reflection of the V51(Cr51) , Cu®5(zn65) , and Ga7l(Ge71) Auger electrons. 

The radioactive isotope was deposited by vacuum evaporation over an area of 
2 to 7 cm2, With a specific activity of 500 mC/g and a source activity of ~1078 
curie, the superficial density of the active layer is approximately 1078 g/om2, 
so that the self-absorption of K Auger electrons was insignificant (smaller than 
1%). 

With the 4x counter filled with a mixture of methane (20 cm Hg) and xenon 
(15 cm Hg) the first half of the 4x counter (the 2x counter on the side of the 
source) detects (Fig.1) L Auger electrons (first peak) and K Auger electrons to- 
gether with K x-rays absorbed in the xenon filling the 2x counter (second peak). 
Between these peaks there is evident a certain number of K Auger electrons that 
have lost part of their energy in being reflected from the backing. 
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Fig.1. Spectrum of Ga‘+(Ge‘+) Auger 
electrons together with K x-rays de- Fig.2. Spectrum of Ga’l(Ge71) K x-rays 
tected in the first half of the 4x detected in the second half of the 4x 
‘counter; filling - methane (20 cm Hg) counter; filling - methane (20 cm Hg) 


and xenon (15 cm Hg). and xenon (15 cm Hg). 


The second half of the 4x counter detects only K x-rays (Fig.2) , inasmuch 
as the Auger electrons are completely stopped by the celluloid support. The data 
of Figs.1 and 2 were obtained by means of a single channel differential pulse 
te ee NE of coincidences between the L Auger electrons in AA) RN 
half of the 4x counter and K x-rays in the second half, and the number JV" of i 
x-rays and the number JV" of L Auger electrons are given by the following equations: 
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N*" = eX elk, No ko; 22 
Nee e* Ne: (2) 
NOLS ENG (3) 


where e* is a coefficient taking into account the efficiency in detecting the K 
x-rays in the second half of the counter and the corresponding solid angle, «4 
is a coefficient taking into account the efficiency in detecting L Auger elec- 
trons in the first half of the counter and the corresponding solid angle, k, is 
a coefficient depending on the width of the gate of the single channel amplitude 
analyzer by means of which the L Auger peak is discriminated from the general 
Auger electron spectrum, N*« is the total number of K x-rays emitted by the source 
in a 4x solid angle, k, is a coefficient taking into account the fact that not 
all the K x-rays yield coincidences with L Augers (k, is determined from the in- 
tensity ratio of the Ky and lines of the isotopes), V/ is the total number of 
Auger electrons emitted by the source except for those that yield coincidences 
with the K Augers and the K x-rays detected in the first half of the 4x counter. 
Combining Eqs. (1)-(3) one can write the following equation for Ni; 


teu NENA; 4 
ee aa (4) 
However, in counting L Augers by means of the single channel differential 
pulse height analyzer there is also detected a certain number of K Auger elec- 
trons scattered from the backing with loss of energy. In order to exclude them 
one must extrapolate over the spectrum (Fig.1); then Eq.(4) assumes the form 


Lt NUksN*k 
where ;, is a coefficient taking into account the fraction of K Auger electrons 
in the L Auger peak. 

Ni can also be written as 


Ny = ng +k,Nf +k, NE, (6) 


where ne is the total number of L Auger electrons 
emitted as the result of L capture in the given 
source, k,N* is the number of L Augers accompany- 
ing the K x-rays that are not detected in the first 
half of the 4x counter, k,NV is the number of L 
Augers accompanying the K Auger electrons that are 
not detected in the 4x counter, and k, is a coef- 
ficient that shows in what proportion L Augers ac- 
company the K Auger electrons. 

For higher accuracy in determining nj it is 
desirable that Ni and VV be as small as possible. 
Fig.3. Spectrum of Ga’l(Ge71) This is realized for N* by insuring the highest 
Auger electrons detected in efficiency for detecting the K x-rays (filling the 
the first half of a 4x7 coun- counter with 15 cm Hg xenon), and for N¥ by deposit- 
ter; filling - methane (20 ing the radioactive isotope onto a celluloid film 
cm Hg). with a layer of bismuth (to insure the highest pos- 

sible absorption of K Augers). 
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\i/\xK probability ratio 
for Cr51 | Zzn®5 and Ge71l 
te a ee 


Our Othor | Cale. 
Lidge 


For determining nx and NV¥ it is 
necessary to know the total number V*% 
of K Auger electrons, the total number 
Nx of K x-rays emitted in a 42 solid 
angle and the number of K Auger elec- 
Crél 0,10-L0 ,02 None 0,088 0,094 trons detected in the first half of 


Zn 0,13-+0 .02 None 0,096 *| 0,099 * the 4r co 
Get 0,13-£0,02 |0,25 [7];| 07106 0-14 m counter. The last quality can 


Isotope Cale, 


[2] 


results cava 


0,128 [8]: be taken off the curve shown in Fig.3. 
0,09 [9] The L Auger electron peak is excluded 
by extrapolation over the 40 to 60 v 
*The values of i,/Ax for Zn©®5 were section. 


calculated as for an allowed transitionl9, The value of Ne was determined by 


means of a proportional 4x counter by 
the method of several fillings®. The value of Nx was determined from Nx and the 
K fluorescence coefficient. 
The ratio of probabilities for electron capture from the L and K shells is 
related with pide, and NE by the following simple equation: 


EL 
0 


he NE EWE" 
Using the above described procedure we determined the values of A,/Ax for 
cr°l, zn©&5 and Ge’l, The results are summarized in the accompanying table. 


Ar, n 


(7) 
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DECAY OF Dy159 
- E.I.Biryukov, 0.I.Grigor'ev, B.S.Kuznetsov & N.S. Shimanskaya 


We investigated the electromagnetic radiation from 144-day Dy159, obtained 
by spallation of a tantalum target with 660 Mev protons, by means of a spectro- 


meter with a proportional counter and a scintillation y-spectrometer. 
The spectrum of electro- 


magnetic radiation from Dy159 
in the 15 to 60 kev region ob- 
tained with a 130 mg/cm2 alumni- 
num absorber is reproduced in 
the accompanying figure. Evalu- 
ation of the relative intensi- 
ties of the K x-rays (44.5 and 
50.4 kev) and 58 kev y-rays 
yielded Iyx/I,5g = 53. If one 
takes the probability for tran- 
sition to the first excited 
level in Tb159 to be 0.32 (see 
below) the fraction of uncon- 
verted 58 kev y-radiation 
amounts to 6.1%, which is in 
agreement with the data of 
Nielsen et al! on y-decay of 

" Ga159, 

“2oaq09, In addition to the 58 kev 
y-line, we observed a weak 


10 


0 Sr Fry line with an energy of 350 kev, 
which was also detected in the 

Dy159 spectrum in the 15 to 60 kev region re- recent work of Brosi & Ketelle?. 
corded by means of a proportional counter with According to our measurements, 


a 130 mg/cm2 aluminum absorber (close geometry). the intensity of this line is 
2°1075 photons per disintegra- 

tion. We failed to detect any higher energy lines in the range to 2 Mev with an 
intensity exceeding 10741075 photons per disintegration. 

Measurements using the same Dy159 source in a 4x scintillation counter and 
a 4x gas counter yielded the following relations between the intensities of the 
L and K x-radiation and the intensities of the corresponding L-L and K-K x-ray 
coincidences: 


Tex ee , by 5 eigen Ve 
To = 6.564018, pe a 481441, HS 2371458, +4 =0.21+0.01 
KX 


lex —KX LX—LX 


I 


On the basis of these data we calculated the /,/A, ratio for the transition 
to the first excited (58 kev) level in Tbl59 and the branching ratio x to this 
level. Using the value of the L fluorescence yield of Tb given by Robinson & 
Fink? (0.18 + 0.02), we obtained /,/K, = 0.56 and x = 0.32 + 0.08, 
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NUCLEAR MOMENTS OF ODD GADOLINIUM ISOTOPES 
- N.I,Kaliteevskii, M.P.Chaika, I.Kh.Pacheva & E.E.Fradkin 


The present report is a more complete ex 


position of our investigation de- 
scribed earlier in Ref.1. 


Having carried out additional measurements and im- 
proved our methods of calculation, we succeeded in obtaining more accurate values 
for some of the data. The experimental procedure is described in Ref.2. 

We used a photoelectric spectrometer with a Fabry-Perot interferometer? to 
investigate the hyperfine structure (hf s) of three lines of Gd I: 5015 A (ZG 
—a’'F,), 5103 A (2G, —a4F,) and 4743 A (yf, —a‘4F,). The measurements were car- 
ried out on separated gadolinium isotopes: Gd155 _ 97.3% and Gdl57 - 91.4%. 

The hfs components of the gadolinium lines are so closely spaced (15-20 mK) * 
that complete resolution of the structure is impossible under the given experimen- 
tal conditions. At the same time examination of all the spectrometer traces shows 
that the structure can be resolved only on the assumption that each of the atomic 
levels of Gdl57 and Gdl55 ig comprised of four hfs sublevels. 
indicates4-6 that the spin of both gadolinium isotopes is 3/2. 

The positions of the hfs components were determined on the basis of the reso- 
lution of the line structure taking into account all the superimposed components 
belonging to other isotopes (see figure). The calculations were carried out for 
the four intense diagonal components of the investigated line, the separation be- 
tween which depends on the hyperfine splitting of both the upper and lower levels: 


This unambiguously 


1 


s(i—l) == A(Ci- C)— = AC; Se CeO Bi CHC NEC Cty 
mee Mates 1 0 (C, 4 111,» (i, f=, 2, 8 (1) 
where 
<H (0)> au ps 
: Md JJ, ‘ Ig : 
eat oe Teo Teg 2053 0)>. -Tor=nreron: 


C; is a combination of quantum numbers: (,= Ff; (F,+1)—J(J+1)—/(/ +1), A and B 
are the interval factors of the magnetic dipole and electric quadrupole interac- 
tion of the nucleus with the electron shell of the atom for the lower level, and 
A’ and B’ are the corresponding interval factors for the upper level. 

For each line we experimentally determined the three independent intervals: 
o(1— 2), o(1—3) and o(1—4). Thus we obtained six equations for the following 
six unknowns: 


et ihe we 87 pees Diss, 
1579 157) 157) 157) Aig7 ’ Biss 


(For isotopes with the same spin the ratio of the interval factors A is equal to 


the ratio of the magnetic moments and the ratio of the interval factors & is 


ding nuclei.) 
equal to the ratio of the quadrupole moments of the correspon 
i The ratio of the magnetic moments of Gdl55 and Gdl57 is obtained directly 


“from the experimental data: 


H155 _ 9155 (1 — 2) — 155 (1 — 3) + o15s (1 — (2) 
Pis7  S1s7 (1 — 2) — S157 (1 — 3) + Sts7 (! — 4) 


On the basis of Eq.(1) without further theoretical assumptions one can with 
fair accuracy also calculate the ratio of the quadrupole moments of Gd a 
Gal57, The calculations are based on the fact that for all three investigat 


*K = kayser = em71, 
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lines there is fulfilled with good accuracy the relation 
A(C,—€) — A (€,— 01) = 1 AB A (A — CAN AL Qoe 
bs ba 


b. 
Ca ze = 


a2 a3 aa 


where a, and C are numerical coefficients that are readily determined for each 

spectrum line. The error introduced in determining the hfs intervals 6 (1 —l) 

by replacing the coefficients 6,/a, by one value of ( does not exceed 0.1 mK, 

i.e., is appreciably smaller than the experimental error in determining o (1 — l). 
The calculations were carried in two ways. In the first we used only the 

intervals o (1—2) and co (1—4) determined experimentally with the highest accuracy: 


Qi55 _ 449155 (1 — 2) —a25155 (1 — ay (3) 


Q157 40157 (1 — 2) — 426457 (1 — 4)’ 


for oj. 501A te Og = Dl a 
for, 4 =510384: a,= 45, a,=— 47; 
LOY UN SATA Op 1 Sa, 9 


In the second method we used all three inter- 
vals and carried out the calculations by the meth- 
od of least squares. The results representing 
averaged values for several measurements for each 
line are summarized in Table l. 

Our value for the magnetic moment ratio is 
in satisfactory agreement with the results of 
earlier determinations®»® and with the recent pre- 
cise measurements of the magnetic moments by the 
method of paramagnetic resonance’. 

Our value of 0.8 + 0.1 for Q::;/Q.;, is in con- 
flict with the results of Speck** who obtained 
Qiss > Qis7. Hence it is of interest to compare 
our data with the results obtained by other meth- 
ods. In measurements of the internal quadrupole 


160 diS8c | BIS moment Q, by the method of Coulomb excitation the 
y Dla aan Ge 6 ae ratio of the quadrupole moments of the two iso- 


topes is not obtained directly. However, we cal- 
Resolution of the experimental culated this ratio on the basis of the data of a 
trace of the hfs of the 5015 A number of authors®~11 who measured the quadrupole 
line of Gdl57 into components moments of the odd isotopes of gadolinium. These 
a,b,c and d, the four diagonal data are summarized in Table 2. Apparently the 
hfs components. The contribu- most accurate procedure is that employed by Ram- 


tion from the even isotopes, sak et al10, who like ourselves, found that 

Gal56, Gql58 and Gdl69, is Qiss < Qis7, although their numerical value for the 

taken into account, but the Qiss/Qisx Yatio differs from ours by more than the 

contribution from the nondia- estimated experimental error. 

gonal hfs components (<1%) is For calculation of the absolute values of 
neglected. the magnetic and quadrupole moments from the data 


of spectroscopic measurements one must evaluate 


the electron matrix elements (H (0), and ge (0)>,» which can be done only approxi- 


*Speck used a less accurate method of recording the structure and the degree 
of enrichment of the samples was lower than in our investigation. 
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ah Table 1 
atios of the magnetic and quadrupole moments of Gdl55 and Gq1l57 


een se 


Ratio | A=5015 A A= 5103 A A =4743 A eve 
valuc 
P4155 
ane 0,80-L0,02 0,77-40,014 0,79-+-0,02 0,78-++0,03 
eerie ood 0,76-+-0,04 0,82+0,02 0,88-++0,05 0,8 --0,4 
Qis7 | hd method 0,76-L0,03 0,82-+-0,05 0,86--0,07 | 0,8 +-0,1 
Table 2 


Values of the internal quadrupole moment Qo and the ratio Qo,,,/Q0;, 
obtained by the method of Coulomb excitation 


Q 


a a 
| 
Cae Qo ee “185 Qo 0 Qe =e 
6,8 6,2 1,4 | [8] 16,7+2,4 0,76 | 
716 8.1 0,94 [9] |s.s::1.8 [14] 
6.5 6.6 0,98 | {10} |9,241,8 1Oi el 


mately. The error in evaluating <H (0)); is relatively small and for the magnetic 
moments we obtain w,;; = 0.34 + 0.04 and Wiss = 0.26 + 0.03 nome, values which are 
in good agreement with the results of measurements by the method of paramagnetic 

resonance.°,© The accuracy in evaluating the quadrupole moments of the odd gado- 
linium isotopes is somewhat lower inasmuch as the uncertainty in calculating 


Ou 
02? 


(0) >, in this case is appreciable. As a result of averaging the results of 


different evaluations of the matrix element and our experimental results we ob- 
tained Qiss = 1.45°10-24 cm2 and Q,,;, = 1.8°10724 cm? (the corresponding values 
of Qo are 7°10724 cm2 and 9:10~24 cm2), but precise evaluation of the uncertain- 
ty comprised in these values is difficult. 

Using the formulal2; 


Qo = 


7.8% (1+ 48), R=1.210 AM on (4) 


and the determined values for the internal quadrupole moments we calculated the 


deformation parameters and obtained 64,,, = 0.27 and 6,,, = 0.33. The ratio ou = 
= 0.8 + 0.1, naturally, directly follows from the above ratio for the quadrupole 
moments, which was obtained with good accuracy. 

Using the extrapolated values of Nilsson'sl2 wave functions for the ground 
state of the odd Gd isotopes (N = 5, I = 3/2 and /,), we determined g,, the gyro- 
magnetic ratio for the internal motion of the unpaired nucleon. Using the value 


Pus” 0.8, we obtained 8K 155 = 0.9, which is in good agrement with the experiment- 


6157 EK 157 


We desire to thank V.S. Zolotarev for providing the separated isotopes an 


Boat krnscabeoiut i here are more accurate 
*The absolute values of the magnetic moments given 

than those published earlier in Refs.1 & 2 because of additional investigation 

of the hyperfine structure of the 4743 A (y4F, — a Fi) line. 
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THE (d,t) REACTION ON 016, 018, mg24° p25 AnD Mg26 
- N.A.Vlasov, S.P.Kalinin, A.A.Ogloblin & V.I.Chuev 


The present work was a continuation of our earlier investigations!~3 of the 
(d,t) reaction, which is characterized by a high probability for excitation of 
hole neutron levels. Analysis of the angular distribution of the tritons on the 
basis of Butler's theory allows of determining with a fair degree of reliability 
the orbital angular momentum of the picked-up neutron and identifying the shell in 
which it was located. Hence investigation of the (d,t) reaction provides a means 
of determining to what extent single-particle states of the neutrons are retained 
in the inner filled shells of the nucleus, and if they are retained, makes it pos- 
sible to determine the binding energy of the nucleus in these shells or the ener- 
gy of intershell transitions. In pick-up of an outer neutron in the (d,t) reac- 

tion there may be evinced with 
high probability either rotation- 
Rabe ous) al or vibrational levels of the 
S16 residual nucleus, provided its 
RIS collective motion makes a signi- 
ficant contribution to the ground 
state of the target nucleus. 

The nuclei investigated in 
the present experiments have fil- 
led 1s and 1p shells and differ- 
ent numbers of neutrons in the 
outer shell. The configurations 
of the simplest nuclei in this re- 
gion - 018 and F19 - were calcu- 
lated by Elliott & Flowers? and 
Redlich®. The results of their 
calculations can be checked by 
comparison with the experimental 
data on the transition probabili- 
ties, in particular, in the 018(a, 
t)017 reaction. Magnesium iso- 
topes are of interest in view of 
f the indications of rotational 
structure and possible prolate- 

BS ness of the nuclei observed in 
16 £, Mev this nuclear region. 

As in our earlier studies 
(Refs.1-3,7) , the deuteron energy 
was about 20 Mev; the triton spec- 
tra were measured by observing 
the B-activity of the resultant 
tritiun. 

By way of targets we used 
Mg018 (60% 018), Mg250 (86% Mg25) , 
Mg260 (90.5% Mg2®) and natural 
magnesium in the form of foil. 

The magnesium targets 2-3 mg/cm? 
ained with differ- thick were prepared by depositing 
Gea es Laertee 9°. pb) natural Mg, the oxide from a suspension onto 


@= 132% c) Mg 


p=—Mg"/gnd) 


Chniiware if ge joe je 1 (6 E.Mey 


259. 9 = 11°; d) Mg290, 9 = 7°. 0.4 mg/cm? magnesium supports. 
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Fig.2. Angular distributions 
of proton groups from the 
018(d,t)017 reaction: a) 
ground state of 017, /= 2, 


tr, = 6.5; b) 0.87 Mev state, 


Z= 0, ro= 6.5; c) 3.06 Mev 

Staten] eael, 7 i= 7.0; td) 

5.38 Mev state, /=1, K= 
= 6.5. 


state of 018, 
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Typical triton spectra for each of the targets 
are shown in Fig.l. In addition to tritons from 
the (d,t) reaction on 018 and the magnesium iso- 
topes, there was observed a strong triton group 
from the (d,t) reaction on 016 at Ey = 10.5 Mev. 
The Mg250 and Mg260 targets contained a minor ad- 
mixture of carbon, as a result of which at Ey,~+ 7 
Mev there was observed a group of tritons from the 
cl2(q,t)c11 reaction. The angular distribution of 
this group is in agreement with our earlier data2. 
The absolute cross sections were determined with an 


- error of 20% for Mg24 and Mg26 and 25% for 018 and 


Mg25, 

In the case of the 018(d,t)017 reaction there 
are observed four triton groups corresponding to 
the ground state and three excited states of 017 
with energies 0.87, 3.06 and 5.3 Mev. The angular 
distributions of all four groups are shown in Fig.2. 
These distributions are consistent with angular 
momenta equal to 2, 0, 1 and 1, respectively. Fit 
to the Butler curve for other values of / can be 
obtained only by using highly unlikely values of 
the radius 7- 

The last neutron configurations corresponding 
to the low-lying states of the residual 017 nucleus 
with even parity (the ground state and the 0.87 and 
5.08 Mev states) are d:,, s,, and dy, , respectively. 
The probability for the formation of these states 
in the 018(d,t)017 reaction characterizes the con- 
tribution of these configurations to the ground 


It will be evident from Figs.1 & 2 that there occur abundant transi- 
tions to the ground state (/ = 
Mev level is virtually not excited. 


2) and the first excited level (/ = 0). The 5.08 
It follows from this that there is strong 


mixing of the (d:,)? and (sy,)? configurations in the 018 nucleus, and that the ad- 


mixture of (dy,)? is small. 


Comparing the reduced width found for these three lev- 
els of 017 one can evaluate the probability ratios for the (ds,,)?, (si,)? and (ds;,)? con- 


figurations in the ground state of 018: 


(dy)? / (sy,)? = 3.91.0 and (ds,)?/(dy,)? > 10. 


According to the calculations of Elliott & Flowers*, these ratios are 


(ds/,)? / (sy,)? a 9.3 and (ds),)* / (dy, — 13. 


Analogous results indicating strong mixing of the ds, and sy, states were 
obtained by us earlier? for F19, with the difference that in the F19(q,t)F18 re- 
action the ground state of F18 was excited as a result of pick-up of an s rather 


than the d neutron, as in the case of the 018(d,t)017 reaction. 


This means that 


the least strongly bound neutron in 018 igs the d neutron, whereas in Fl9 it is 


the s neutron. 


Excitation of the 3.06 and 5.3 Mev levels occurs by pick-up of a p neutron. 
Ajzenberg-Selove & Lauritsen® tentatively ascribed spin and parity 1/2- to the 


3.058 Mev level. 


Our results substantiate this if one assumes that the 3.06 Mev 
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level is a hole level and corresponds to pick-up 
of a neutron in the py, state. Two levels at ~5.3 
Mev are known in 017; 5,22 and 5.38 Mev. The reso- 
lution in our experiments was not sufficient to dis- 
tinguish them, but it is highly probable that the 
observed transition corresponds to excitation of 
the 5.38 Mev state (3/2) and is a result of pick-up 
of a neutron in the py, state from the 018 nucleus. 
| The fact that these levels at 3.06 and 5.38 Mev are 
a hole levels is substantiated by the fact that exci- 
tation of these states was not observed? in the 
016(q,t)017 reaction. At the same time the 3.85 
and 4.56 Mev levels excited in the (d,p) reaction 
are not evinced in the (d,t) reaction. 

Thus we can determine the values of the neu- 
2, tron binding energy in 018 and F19, pertaining to 
v¥ different states; the calculated values are listed 


03 


0 0 2 

Qo.m. 
Fig.3. Angular distributions 
of triton groups from the 
Mg24(d,t)Mg23 reaction: a) 
ground state of Mg23, / = 
ro = 7.0; b) state with E* 


¥2.5 Mev; 1 - J#1l, ms in Table l. 
m 7,0, 2-128 2, 4 = 7.0. Table 1 
minh as Sick Neutron binding energies in 018 


and F19 (in Mev) 
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In the Mg24(d,t)Mg23 reaction there are excited 
with the highest probability the ground state of 
Mg23 (possibly with some admixture of the state at 
0.45 Mev) and a group of states with an energy of 
about 2.5 Mev. The angular distribution of the 
first group is shown in Fig.3 and is in good agree- 
ment with / = 2. The spin of the ground state has 
never been directly determined hitherto; on the 
basis of the above data we infer I = 3/2+ or 5/2+. 
In the angular distribution of the second group 


Os 


0 20 30 BROT pT i: le 
0,mb/sterad 


10 20 30 @ 20 300%, there may be present different components, includ- 
Fig.4. Angular distribution ing components corresponding to l= 2:°and 2= 1. 
of triton groups from the It is noteworthy that there are no intense transi- 


Mg25(d,t)Mg24 reaction: a) tions with | = 0, which indicates appreciably less 
ground state of Mg24, b) 1.4 hybridizing of the s and d shells in Mg24 as com- 
Mev state, c) 4.1 Mev state, pared with 018 and F19, 
d) 6.0 Mev state. In all In the Mg25(d,t)Mg2* reaction there are ob- 
cases /= 2, = 7.0. served triton groups corresponding to formation of 
Mg24 in the ground state and in excited states with 
energies of 1.37, 4.12 + 4.23 (unresolved), 6.0 and 7.8 Mev. The angular distri- 
butions of the first four groups (the last group is difficult to observe owing to 
its proximity to an oxygen group) are shown in Fig.4. They all correspond to pick- 
up of a neutron with the same angular momentum: / = 2. In contrast to the coe ae 
(d,t) reactions on other light nuclei investigated by usl,2 and other authors10,11, 
in the Mg25(d,t)Mg24 reaction the probability for formation of the residual nucle- 
us in the ground state is no greater than the probability for formation of excited 
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Fig.6. Angular distribution 


of proton group from the 
OLS (dst) O78 reaction, /=1, 
Gs g 
fo) = She Sys 
Table 2 
YN OE iv 20 500. 10 20 Gm, Comparison of relative widths of the 
Mg?"(d,t) Mg” rotational states in Mg24 


Fig.5. Angular distributions of 
triton groups from the Mg26(d, 
t)Mg25 reaction: a) ground state 
of Mg25, | = 2, % = 6.5, b) 0.5 
Mev state, /= 0, 1 = 7.0; c) 
1.61 + 1.96 Mev state, / = 2, 
ro = 7.0; d) 2.56 + 2.80 Mev 
state, / = O(”) + 2(m), 1 = 7.0; 
e) 3.40 Mev state, 
= 7.0. 


Method of de- 
termination 


Theory 
Experiment 


states with energies up to 6 Mev. The most 
intense transition is observed to the level 
eee re i1 5.5 at 1.37 Mev. This result is difficult to ex- 
plain from the standpoint of the shell model, 
according to which the reduced width of the 
ground state of the residual nucleus should be appreciably greater than the width 
of the other levels with the same configuration. 

At the same time the observed distribution of reduced widths is consistent 
with the assumption that the evinced states of Mg24 are rotational states. V.M. 
Strutinskii (private communication) calculated the relative widths for rotation- 
al states; his theoretical data are compared with the experimental values in 
Table 2. 

In investigating the Mg26(d,t)Mg25 reaction we detected five triton groups, 
corresponding to known levels of Mg25. The angular distributions are shown in 
Fig.5. The most intense is the proton group corresponding to formation of the 
ground state of Mg25 and characterized by / = 2. The probability for formation 
of the first excited state equals approximately 10% the probability for the ground 
state. 

The results obtained in studying the Mg26(d,t)Mg25 reaction can be explained 
on the basis of the shell model if it is assumed that in Mg2° the picked-up neu- 
tron is in the d state with a small admixture of s state. We obtained similar 
results earlier” for the neighboring nucleus, A127, 

In addition to the above described reactions, we measured the differential 
cross section for the 016(d,t)015 reaction (Fig.6), inasmuch as oxygen entered 


*ohe experimental width for this level pertains to two unresolved states, 
while the theoretical width was calculated only for one of them 
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Table 3 
we eteeate 2. sel ae cOl.., 
Residual | states, yep ae 
= mb sterad i] : 2 
nucleus Mov aie 10713 oa 67% 
Ob Grnd. 3,2 (10°) 4 55 
5,2 0,45 - = ae 
Grnd. 3,4 (15°) 2 nD 4. 
0,87 2,0 (10°) 0 6,5 1,3 
ou 3,06 1,9 (10°) 1 st) 0 55 
5,08 | <0,3 (15°) - — | <0,15 1=2 
5,2 0,7 (40°) 1 6,5 0,3 
’ Grnd. 0,85 (18,5°) 2 7,0 0,81 
Mg*s 2,5 0,25 (12°) 2 (4) 7.0 0,3 2) 
Grnd. 4,47 (8°) 2 TAO 0,74 
1,37 2,20 (14,5°) 9 7,0 1,27 
Me? 4,144,2 0,9 (47°) 2 7,0 0,74 
6,0 0,8 (14,5°) 3 7,0 0,54 
7,8 0,5 (17°) = a ve 
Grnd. 5,0 (47,5°) 2 6,5 3,30 
0,58 1,38 (10°) 0 7,0 0,29 
0,98 0,12 (2) (7) 0,09 
Mg? 1,96 (1,61) 0,4 (18°) 2 7,0 0,34 
2,56 0,45 (10°) 0 7,0 0,09 
2,80 0,3 (20°) 2 7,0 0,30 
3,40 0,3 (20°) 2 7,0 0,22 


into the composition of most of our targets. As might have been expected, the 
angular momentum transferred by the picked-up neutron in this case is /= 1. 
There is also observed a first excited state of 015 at 5.2 Mev, but the cross 
section for its formation is only 1/20 that for the ground state. 

The principal results of the present investigation are summarized in Table 
Se 

We are grateful to the staff of the Cyclotron Laboratory for performing 
the irradiations, to V.S.Zolotarev and his colleagues for preparing the enriched 
Mg25 and Mg26 targets, and to V.M.Strutinskii and A.I.Bazyu for discussion of 
the results. 
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THE (n,Q) REACTION IN Pu239 INDUCED BY THERMAL NEUTRONS 
- V.N. Andreev 


Hitherto the (n,Q) reaction, accompanying thermal neutron capture, has been 
observed only for comparatively light elements!,»2 because the cross section for 
this reaction diminishes with increase of Z,owing to the decrease in penetrabili- 
ty of the Coulomb barrier. Evaluations show, however, that the barrier penetra- 
bility increases markedly for heavy nuclei, owing to the increase in the (n,Q) re- 
action energy resulting from Q-instability. 

For long-lived nuclei that are heavier than lead the probability of alpha 
emission from an excited state is on the average 10-5 to 1076 of the probability 
of gamma emission. However, in individual cases, for example, Po210(n,q)Pb207, 
the probabilities of Q@ and y emission may be of the same order of magnitude. 

This paper presents the results of an investigation of the thermal neutron 
induced Pu239(n,q)U236 reaction. A diagram of the experimental set-up is shown 
in Fig.1. Pu239 was deposited in al mg/cm? thick layer on an aluminum foil and 
was bombarded with a collimated neutron beam from the thermal column of the Aca- 
demy of Sciences heavy water reactor. The Q-particles resulting from thermal 
neutron capture were range analyzed. The ranges were determined with a T-25 BFL 
end-window proportional counter and an arrangement of aluminum absorbers equiva- 
lent to a range of 1.5 cm in air. The counter recorded only fully ionized Q-par- 
ticles stopped in the end of the sensitive volume. The Q-particles were initial- 
ly slowed by the aluminum absorbers. Precise measurements of the ranges were ob- 
tained by moving the counter and absorbers relative to the plutonium sample over 
a ~2 cm distance. 

Fig.2 shows calibration curves obtained using a thin Po219 q-source. The 
different curves correspond to different thresholds of the pulse height discrim- 
inator. This figure shows that the resolution of the range measuring apparatus 
attained ~3 mm of air equivalent. 

Background counts due to fission neutrons from Pu239 were the chief source 
of interference. Allen & Dewan? report that an average of one out of 450 fission 
events results in the emission of long range Q-particle with a continuous spec- 
trum extending to ~25 Mev. These Q-particles were recorded by the counter and 
gave rise to a background which changes slowly with Q-particle energy. Fast neu- 
trons from Pu239 fission induced (n,Q) reactions in the counter produced an ad- 
ditional background. To measure this portion of the background a 0.3 mm alumi- 
num absorber, which stopped all Q-particles but freely passed neutrons, was placed 
between the counter and the sample. 


Neutron 
beam 


no.acie befly 


Fig.l. Experimental set-up: 1) plutonium sample, 2) disc with aluminum absorbers 
3) proportional counter, 4) preamplifier, 5) B4c shields, 6) Cd shield, 7) feed 
screw, 8) drive selsyn. 
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Fig.2. Calibration curves obtained with a P0210 q-gource. 
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Fig.3. Spectrum of Q—particles from Pu240*, 


Curve 2 was obtained with 


higher resolution. 
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Fig.4. High-energy portion of the 

spectrum of Q-particles from Pu240*, 

N = O lies below the horizontal 

axis, which is drawn at the 0.4 

level of the mean value for the 
spectrum. 
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however, the different groups could not be clearly resolved. 


The fast neutron background amounted 
to ~20% of the counts due to long range Q- 
particles. Control experiments in which 
the beam was shuttered with cadmium showed 
that the interference due to radiation from 
the reactor was negligible. 

The expected energy of the Q-particles 
emitted in the decay of Pu240* to the ground 
state of U236 is 11.46 Mev. Therefore, the 
Q-spectrum was measured chiefly in this 
energy region. The results of measurements 
with two different resolutions are shown in 
Fig.3. There is a noticeable peak correspond- 
ing to Ey = 11.4 + 0.1 Mev (range of 13.3 cm 
in air). This energy agrees well with the 
expected value for pu240*, For comparison 
in Fig.4 we show the high-energy Q-spectrun. 
No deviations from the continuous spectrum 
were observed here. In the energy region 
below 11 Mev the Q-spectrum is not monotonic; 
The spectrum of 


long range a-particles! »3 and the cross section for production of Q-particles by 
fission of Pu239 indicate that the cross section for the (n,Q) reaction with emis- 


sion of 11.4 Mev Q-particles is ~20 mb. 
ev). 


(according to Ref.1, I~ 4°107? 


This result corresponds tol, ~ 21076 ev 


It is interesting to compare the above results with the predictions from the 


quasiclassical theory of O-decay. 
the ground state or 
through the Coulomb barrier, 


a rotational state while the 11.4 Mev 
the potential barrier must have the same shape as 


Inasmuch as the daughter nucleus U236 is in 


aQ-particle is passing 


the barrier penetrated by the OQ-particle in ordinary decay of Pu240, 
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Calculation for a barrier with R = 
= 9,3°10-13 cm (Perlman and Rasmussen“) 
gives the penetrability ratio: 


E*= 6,405 Mev 


Ot? (or 1) 


(P¥/P) theo = 3-3°1020. 


The experimental ratio of the decay 
constants of Pu240* and Pu240 is 


Fig.5 gives the level diagram for 
u236 showing the Eq = 11.4 Mev transition. 
On the basis of the selection rules ap- 
plicable to s-neutron capture by Pu239 
and Q-decay of Pu240* it may be asserted 
that a OF or 1+ state is formed when 
Pu239 captures a thermal neutron, if 
j Pu239 has even parity®»®, while if the 
Vu parity is odd a 1~ state is formed. We 
0 note that transitions from a 1t state to 
the ground state of U236 are forbidden. 
Fig.5. Diagram of Q-transitions from If the state with 1+ is formed, the Ey = 

Pu240 and Pu240*, = 11.4 Mev transition may feed the 49.6 
kev level. 

I desire to thank V.V.Vladimirskii for his interest in the work. 
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MASSES OF HEAVY ATOMS AND NUCLEAR BINDING ENERGIES IN THE 174 TO 239 A REGION 
- R.A.Demirkhanov, T.I.Gutkin & V.V.Dorokhov 


Isotopic masses and nucleon binding energies are important characteristics 
of nuclei. Mass data are useful in explaining many of the properties of nuclei. 
On the basis of the nucleon binding energies one can judge of the presence of 
proton and neutron shells in the nucleus, fine structure of the binding energy, 
regularities in the variation of nuclear shape, etc. 

The scope of problems that can be solved with the aid of isotopic mass data 
is determined to some extent by the accuracy of the said data. For example, in 
order to detect with an accuracy of ~20% the discontinuity in binding energy, 


equal to ~3 Mev, in going from a filled shell to an unfill 


Led onel (for instance, 
in the case of Pb208 and Bi209), the masses of the respective isotopes must be 


measured with a relative accuracy AM/M ~ 3-1076, To establish the presence of 
fine structure in the binding energy curve for nuclei in the A200 region a 
measurement accuracy at least one order of magnitude higher is necessary. 

Most of the data2-5 available at present on isotopic masses and nuclear 
binding energies in this mass region have been obtained with an error of one 
part in (1-1.5)*10°, In the present report we give the results of mass spectro- 
graphic measurements of nuclei in the 174 to 239 A range, which have been obtain- 
ed for a large number of isotopes with a relative error of one in (1-5):°107, 

For these measurements we used a double-focusing mass spectrograph with a 
resolution of 50 000-80 000. The measurements were carried out by the method of 
doublets. For obtaining the doublet pairs by way of standard masses we used or- 
ganic compounds of the C,H), CNH) and Cy,0,N;,H, types. The method of doublets 
has the advantage that it eliminates a number oF steps in comparing the mass of 
the unknown isotope with the mass of 016, thereby minimizing cumulative errors. 
Moreover, this method allows of direct comparison of the mass of the measured 
isotope with the mass of the corresponding secondary standard. Thus in using 
this method the accuracy in determining the mass of a heavy-element isotope de- 
pends primarily on the accuracy of measuring the masses of the isotopes of which 
‘the given organic compound is formed, i.e., of the masses of H, C, c13 and N. 
Measurements of the masses of the light atoms were carried out with great care 
under conditions excluding all possible systematic errors. The principal criteri- 
on for the absence of systematic errors was "internal consistence’, i.e., good 
agreement between the values (within the limits of the experimental error) ob- 
tained for the mass of the given isotope by means of doublets in different com- 
pounds and combinations. Data on the doublets employed and the masses of the 
secondary standard isotopes are listed in Refs.6 & 7. 

The masses of most of the isotopes in the 174 to 239 A region have not been 
measured mass-spectrographically hitherto. There are available at present the 
mass values for some isotopes determined mass spectrographically using multiply 
charged ions.27-5 Some mass values have been determined by computation using nu- 
clear reaction Q values and the mass values obtained for the initial nuclides by 
mass spectrographic measurements®’,9. Obviously, these values were obtained with 
a relatively large uncertainty: 1500-3000 UMU. ; 

Utilization of the developed procedure and the possibility of calculating 
the dispersion coefficient with great accuracy enabled us in the present measure- 

ts to enhance the accuracy of determination by a factor of 10-50. 
ele f a given isotope was determined from different doub- 

Pulewysetee re wiht ts 3 istence” check. The final values were cal- 

lets, thus providing an internal consis e 7 A Poon eon 
ing into account the relative weight of the measurements, y 

Bee aay ze the estimated error. Specifically, we measured the masses of the 

ee of plutonium, uranium, thorium, bismuth, lead, thallium, mercury, gold, 
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platinum, iridium, osmium, rhenium, tungsten, tantalum and hafnium. The results 


obtained for the stable isotopes from Pu239 t5 Osl86 have been blish 
(Refs.1,10-12). The values obtained for the isotopes of Re, W ae Satin rep okeee 
listed in Table 1. For comparison we also give the mass vartes onvedned b Duck- 
worth et al4;5 by the mass spectroscopic method and values calculated8 ae nu- 
Clear reaction Q values. The masses of Rel85, yf179, W£177 anq #174 nate 
mined for the first time in the present study. Ne Smee 
Analysis of the mass values shows that for most of the isotopes our values 
are higher by 1-1.5 mMU than the values of Wapstra® and Huizenga9. This can be 


explained by the incorrect value of the standard - the mass of Pb208 
the work of these authors.13 


In Ref.10 we showed that the appreciable divergences between the mass values 
for Th232 and U238 obtained by mass spectrographic and nuclear measurements are 
due to the error in the early mass spectrographic measurements!4, The mass values 
obtained for the isotopes of lead and mercury in subsequent measurements by the 


Minnesota University group!5 and Kerr & Duckworthl6 agree with the values found 
in our work.1 


- used in 


Table 2 
Mass differences between Hf and W isotopes (in MU) 
Data of Data deduced 
Isotope Hees Johnson,,&| from nuclear rer 
Bhanot!7*} actions** [Ref. ] 
i Soe — Hf'6 1 ,002610 4 ,002250 1 ,001815[18] 
Lips — Apt 4 ,000740 4 ,000880 
Hf? Hf178 1,002722 | 1,002360 1 ,002005[18] 
[i ft80__ yf 179 41 ,001092 1 ,001130 
reece 1.002336 1002230 | 1 ,002305[19] 
4 ,002365[20] 
W 184__ 18s 1 ,000805 1000990 1,001035[20] 
*Estimated error < 0.0003 MU. **Error < 0.0001 MU. 


Of particular interest is comparison of our data with the values obtained by 
other methods. Unfortunately, there is a scarcity of mass data in the given A 
range; nevertheless some comparisons can be made. In Table 2 we list the mass 
differences measured in the work of Johnson & Bhanot!? and the differences calcu- 
lated on the basis of our data and using nuclear reaction Q values. It will be 
seen that the mass difference values for tungsten obtained by all three methods 
agree well. This cannot, however, be said regarding the Hfl77 — wel76 ana HL176 
- Hfl78 mass differences. The results of our work are in agreement with the data 
of Johnson & Bhanot within the limits of the experimental error, but differ from 
the data calculated using nuclear reaction Q values by about twice the measure- 
ment error. It will be noted that the data of Johnson & Bhanot for these mass 
differences differ from the nuclear reaction values less than do our data, but 
nevertheless the disagreements exceed the measurement error. In view of the 
above, it may be assumed that the Q values for the H£177(y n)H£176 and H£178(y, 
n)Hf178 reactions are erroneous or, in any case, that the estimated error invol- 
ved in determining the Q values of these reactions must be increased by a factor 
of 2-3. 

. On the basis of the data obtained in the present work on the masses of 42 
stable isotopes we plotted the variation of the binding energy per nucleon as a 
function of A in the 174 to 210 A region (see figure). 

In addition to measuring the masses of the stable isotopes, we calculated 
the masses and binding energies of 66 radioactive nuclei. As the reference values 
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Binding energy per nucleon in the 174 to 210 A region. 


Neutron and proton binding 


Table 3 


and pairing energies in the isotopes of Hf, Ta, W and Re 


See 
tope 


Binding 
encrgy per 
nuelcon 

E/A, Mev 


1 | HE 
De Hf76 
3 | Hf 
4} Hf 
5 Hf!79 
6 | Hf280 
7) Hf 
8 Taiso 
9 Tals 

10 | Tas 

41.| Tass 

42 W 180 

43 W 181 

14 | ws 

45 W 183 

16] wise 

17 | W165 

18 | wee 

19 | wer 

20| Res 

2A Re 186 

22} Res? 

23, Re 188 


bs 


102 
104 
105 
106 
107 
108 
109 


107 
108 
109 
110 


106 
107 
108 
109 
110 
111 
112 
113 


110 
111 
412 
113 


1403, 138 
1418, 834 
1424,770 
1432, 475 
1438, 306 
1445 , 650 
1454 318 
1444 ,175 
1451 ,548 
1457, 742 
1464 ,812 
1444, 404 
1450, 604 
1458, 907 
1465 , 098 
1472,745 
1477, 968 
1485 , 207 
1490,774 
1477, 608 
1483 , 945 
1491 , 292 
1497, 245 


8, 0640 
80616 
8, 0495 
8, 0476 
80352 
8, 0314 
80183 
8 ,0232 
8, 0196 
8, 0094 
8 , 0044 
8,0245 
8, 0144 
8, 0160 
8, 0060 
8, 0039 
7,9890 
7, 9850 
7,9720 
7, 9871 
7, 9782 
7,9748 
7.9639 


5,936 
7,705 
9,831 
7,344 
5,668 


7,373 
6,164 
7,100 


6, 200 
8,303 
6,191 
7,617 
5,203 
7,239 
5,067 
6,674 
6,337 
7,347 
5,928 


5,869 
5,898 
6,394 


6,429 
7,399 
7,386 
7,903 


4,893 
5,977 
6,085 
6,441 


0,550 
2,103 | 1,464 
0,992 


Note: the estimated errors in the listed values are the following: 
1) in the binding energies ~0.2 Mev, 2) in the values of E/A ~1 kev, 


3) in B, and B, ~0.3 Mev, 4) in P, and P, ~0.4 Mev. 


ee Ana 


- 123 - 


ve used the masses of the stable isotopes as measured in the present work. These 
lata were used for calculating the binding energy of the last neutron #,, the 
inding energy of the last proton B,, and the neutron and proton pairing energies 
P, and P, The values of these parameters for rhenium, tungsten, tantalum and 
1afnium are listed in Table 3. 

Analysis of the measurement results in the entire investigated mass range, 
i.e., from Bi to Hf, enabled us to draw certain inferences regarding the energy 
systematics obtaining in this range of nuclei. 

The character of the binding energy per nucleon vs A curve (see figure) sub- 
stantiates the presence of shell structure in nuclei with filling of the shell at 
Z = 82 and N & 126. The plot shows clear differences between the nucleon binding 
energies in nuclei with even- and odd-A.21 The binding energy per nucleon in 
odd-A nucli is always lower than in even-A nuclei for the same Z (the E/A curve 
for odd-A nuclei nowhere intersects the curve for even-A nuclei). 

The effect of shell structure can also be observed by following the varia- 
tion of the attachment energies for the (Z + 1)-th proton and the (N + 1)-th neu- 
tron (Z = 82, N= 126). The increment in the values of these parameters after 
filling of the shell amounts to about 100%. It should be noted that in the en- 
tire investigated mass range the neutron binding energy as a whole is greater 
than the proton binding energy. The same thing may be said regarding the bind- 
ing energy of two neutrons as compared with the binding energy of two protons. 

This is particularly clearly evident from comparison of the binding energies for 
the isobaric pair ,,Pbis, and gHgin;. In ,sPbiy, the proton shell is filled, hence 

for it one could expect a maximum value of the binding energy as compared with 
other isotopes with A = 204. Actually, however, the binding energy in, Hgijt proved 
to be greater owing to the greater binding energy of the two neutrons in this nu- 
clide as compared with the two protons in 4Pbins. An analogous situation is ob- 
served for the isobaric pairs 


198 156 196 192 192 186 186 ry ¢ 180 180 
zaF tian = soll giis, zh tis, — soll Zire, 7608116 am rE tia, 7a Wie es 7608310; atl fiog = 74 W i06 


and for the isobaric pair with odd-A ,,Re(i,—.,,Osit; - The mean energy difference 
for the listed isobaric pairs is 7.0 kev, while for ,;Rejj;— ,,0si*? the difference 
is 4.0 kev. 

The binding energy of the last neutron or proton is consistent with the even- 
odd law, i.e., the attachment energy of each odd proton or neutron is less than 
the binding energy of the corresponding even nucleon. Analysis of the data on 
the values of B,, B, and P, in the investigated mass range shows that both even 
and odd-Z nuclei having 116 neutrons are characterized by enhanced stability. In 
contrast to this, nuclei with N = 115 are distinguished by lower binding energies 
as compared with neighboring nuclei with odd-N. For even-even nuclei there are 
observed exceptionally high values of the proton pairing energy at N = 116 (,,Pti*% 
and gHgi%t). Analogous but less pronounced discontinuities in the values of 
Bn, By, Pn and P, are evinced for nuclei with N = 122 and N = 121. 
| On the whole, for most of the isotopic masses measured in the present work 
and our earlier investigations!,10-13 the nuclear binding energy is some 1500 kev 
lower than indicated by the data of Wapstra® and Huizenga’. ae: divergence can 
pe explained by the difference between the mass values for Pb208 used as the basis 
in calculating the other masses by means of nuclear reactions Q values. At the 
same time the divergences between the binding energies for the isotopes of osmiun, 
tungsten, tantalum, and hafnium (Hf180), which attain ~4 Mev, indicate that the 
masses of many isotopes utilized as references in calculating nuclear masses by 
means of nuclear reaction Q values® have been measured with inadequate accuracy. 
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COMPARISON AND SYSTEMATICS OF THE BINDING ENERGIES OF HEAVY NUCLEI 
: FROM HAFNIUM TO FRANCIUM 


- V.A.Kravtsov 


Comparison of the experimental data on mass doublets, nuclear reaction Q 
values and radioactive decay energies provides a means for checking the values 
of isotopic masses and nuclear binding energies. For heavy nuclei from europium 
to lead such verification was until recently impossible inasmuch as there were 
not available sufficiently accurate mass-spectroscopic data, and Q-decay ener- 
gies had been measured for only a few nucleil. In 1958-9, however, there were 
carried out a number of precise mass-spectroscopic measurements of nuclide masses 
from tungsten to bismuthl-4. This made it possible to compare and check all the 
experimental data on nuclear masses and energies from hafnium to francium. The 
comparisons were carried out over closed cycles, over chains of experimental data 
and by investigating the shape of the sections of energy surfaces (surfaces plot- 
ted in E, Z, A space) by the method used earlier by the writer®,%, 

In addition to the mass-spectroscopic data from Refs.1-4 there were utilized 
the reaction Q values taken mainly from the reviews of Van Patter & Whaling? »8 
and the B-decay energies taken from the reviews of King? and Lidofsky109 , as well 
as the data from some more recently published studies. Tables of the masses and 
binding energies of the nuclides from hafnium to francium are being prepared for 
publication. 

All the Q values that are corrected or refined in the present work are list- 
ed in Table 1. The doubltful values were checked and corrected with reference to 
measured masses and also with reference to measured reaction and decay energies 
(the Refs. from which the latter were taken are not listed in Table 1). In most 
cases (except for Nos.2,3 & 5 in Table 1) cross checking was feasible with refer- 
ence to several reaction and decay chains. 


Table 1 
Questionable Q values and corrected values obtained by comparison with the bind- 
ing energies of nuclei from hafnium to francium 


eee ene een SE OeeEeEeEeEeEeEeEeEeEeEeEeEeEeEEEeEeeeeE———_— 
: Questioned Moresre ls! | 
No. Reaction reaction @ able vales, Refs. 
(Ref 7),Mev Mev | 


186 wis? 7,1+0,3 5,304-40,009 [11] 
Res a 5, 334-0,03 [12] 
191 [r192 5,15-+40,20 | 6,088-E0,010 [12] 
: sell syne 6,085 -£0,015 113] 
3 Pt194 (y, n) Ptt9? 9,50-L0, 20 8,32+0,15 Our data 
197 198 7,3-0,4 6, 494-40, 008 [ 7] 
4 Au!®? (n, 7) Au ae Disses 2 
Hg} (n, 7) Hg? 7,1+40,4 8, 03-40,03 
2 ries rs. 8,8-40,2 (iene yeas 
7,53 i (15] 
208 ( T1204 6,5440,08 | <6,54>6,2 
H ris i. T1292 4,29-+0,15 <4 29S 3,93 \ Our data 
9 T1208 (n, x) T1206 6, 20-40, 03 6, 54-++0,08 } Our data 
10 T1205 “(d, p) T1206 3,93-+40,15 3,930,15 [15,16] 
14 Bi29 (n, 7) Bi22° 4,17040,015 | 4,56+-0,03 \ 17] 
12 Bi2°9 (d, p) Bi??? 1,940, 03 2,340,038 


According to Van Patter & Whaling’, the Q value of an ptl94(y¥,n)Ptl93 reac- 
tion is 9.50 + 0.20 Mev. From the calculated Ptl94 - Pt mass difference, we 
found Q = 8.32 + 0.15 Mev. This is not in conflict With the 9.50 Mev value inas- 
much as the Q value for the (n,y) reaction obtained in some cases when the daughter 
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nucleus is formed in the excited state is actually only the upper bound of the 
reaction energy. Cross checking of the mass values on the basis of which our Q 
value was calculated makes our value more reliable than that given in Ref.7. 

For the T1203(y,n)T1202 reaction, according to Van Patter & Whaling’, Q = 
= 8.80 + 0.20 Mev. Analysis of the energy surface section curves carried out by 
the writer18 back in 1952 led to the inference that this Q value is an overesti- 
mate. This can now be verified by using the measured masses of Hg202 and T1203 
and the value of the electron capture energy Qpc = Leleocas Mev calculated from 
the experimental value of the ratio of probabilities for L and K capture. Evalu- 
ated in this manner, the energy for the T1203(y,n)T1202 reaction proves to be 
7.76 + 0.03 Mev, which is in good agreement with the value obtained by interpola- 
tion of the energy surface curves. Within the limits of the experimental error 
this value of Q corresponds to Q = 7.45 Mev obtained for the T1203(n,2n)T1202 re- 
action by Martin & Divenl4 and the value of 7.53 Mev calculated by Foreman & Sea- 
borgl5 from the systematics of heavy nuclei. 

The energies of the (n,y) and (d,p) reactions on T1203 and T1205, listed by 
Van Patter & Whaling? (see Table 1), in the opinion of Fritschl® and Foreman & 
Seaborgl5 should be attributed to the same isotope but reversed, i.e., the ener- 
gy attributed to T1203 should be assigned to T1295, and vice versa. Analysis of 
all the experimental data leads to the values listed in the fourth column of 
Table 1. These data can be verified and refined further only on the basis of 
new more accurate measurements of Q for these reactions on enriched isotopes or 
on the basis of more precise measurements of the masses of the Tl isotopes. 

All the corrected reaction energies have been checked with reference to the 
appropriate energy surface section curves, and in all cases the values were found 
to be consistent. 

The questionable decay energies in this region cannot be checked by compari- 
son with the mass values obtained from other experimental data. Hence checking 
and correction of the questionable decay energies was carried out with reference 
to the energy surface section curves. 

For convenience in investigating these curves we used energy surfaces with 
reduced slope. In the given nuclear region most convenient was consideration of 
the dependence of 


E, — Eg = 400 + 6A — Ey ((Z, N) Mev (1) 


on the mass number A = N + Z or on N; here £»y;(Z,N) is the binding energy of a 
nueleus with Z protons and N neutrons. The properties of these curves are de- 
scribed in more detail in Refs.5 & 6. 
ly -Ey. Mev 
+Fig.1. Section of the energy surfaces with 
reduced slope (Eq.(1) cut by the Z = 77 
plane. Upper curve - section of the odd- 
odd surface; lower curve - odd-even surface. 
The dashed line gives the variant of the 
curve passing through the doubtful points: 
1 - points for odd-odd nuclei, 2 - points 
for odd-even nuclei, 3 - points for energies 
calculated on the basis of doubtful decay 
energies, 4 - points obtained by interpola- 
190 192 194—i«SBCt*«aSCR tion. 
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Table 2 
Questionable B-decay energies and the corrected values taken from the 


corresponding energy surface section curves 


eh aa. _——__ 
No, | Nuci- Pepiha De— | Questioned de—| Corrected 
eus cay | Cay, energy, decay en— Remarks 
| Mev ergy, Mev 
4 3 3 4 5 6 7 
4 Tals4 8,/ hours], g> SSA) AID) Deh y 
140) peal), 2 1.26 Mcv &-group 
wer ate JIG SO eye Ai, 4S 
Mcv level (Ref. 22) 
A Ress 20 hours | pt 2,9 [10] a 
: a4) -1 Mev B--group to 
2,4 min Bt | $2.4 (10) 2,2+0,3 | the 0.102 tee Tees 
(Ref, 22) 
3 Rel82 60 hours EC 2,3+0,2 [419] For the transition 
13 hours | EC | 351,96 [20] 2,2+0,3 | to the ground state 
4 | Ret®4 | 50 days | gc 1,32-+0,30 [24]] 1,6+.0,3 
5 | Rel | 2,8 min coy ESS Pee 2,8:+0,4 1.7 Mev 6--group to 
[10,22 thew i. do. 1.0 or 
| 1.38 Mev level 
6 j Pea 11 days EC SMisshs eat) 2,0+0,2 
[10,22] 
Zi [r19 2,0 hours} “B- 2,1+0,1 0,9-40,3 Mae. 25 caine die ius, iar 
[23,24] the ground state of 
| ir 
8 | Iris ? B- 2[23, 25] 2174-052 
9 Hg? 9,5 hours| EC 120m [10722] 4,25-L0, 20 
1,7+40,1 [26] 
293 
10 Pb 52 hours KC 2 } (9,221 
ae 
+0,30 
0,95” 9/07 [27]| 0,95-+40,20 
i Bi? | 41,5hours/EC,B+] 3, 20-+L0,05 [28] 
or 
3,45-++0,05 3,45-L0,05 


The B-decay energies as corrected by means of the appropriate energy sur- 
face section curves are listed in Table 2. In most cases the energy values list- 
ed in column 6 were obtained by graphic interpolation of several sections. 

It may be useful to consider the isotopes of iridium in some detail. As 
will be evident from Fig.l, the old binding energies for Ir199 ang r1r195 are 
questionable. To obtain a "good" value of the binding energy for Ir190 one necas 
only take the upper bound for the electron capture energy suggested by Lidofsky 
(see Table 2). Particularly surprising is the deviation of the point for Ir195 
from the general odd-even surface section curve. The point for Irl95 also oc- 
-cupies an anomalous position in the T=N - Z = 41 section (not shown). The de- 
cay scheme for 140-min Tr195 was established by Butement & Poe23 on the basis of 
B-y coincidence measurements and is, apparently, substantiated by the work of 
Baro & Rey24, The B~-decay energy is 2.1 Mev. The energy surface section cut 
by the A = const, plane for odd-A has only one branch: a parabola with an apex 
at Z = Z,, corresponding to the B-stable isotope. For A = 195 the B-stable iso- 
tope is Pt195 (Z, = 78); in this case, naturally, we should have 
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Fig.2. Sections of the energy surfaces with reduced slope cut by the Z = 82, Z= 
= 84 and Z = 86 planes. Upper curves - sections of even-odd surface; lower curves 
- sections of even-even surface; a - interpolated part of curve; b - variant of 
curve drawn through doubtful points; 1 - points for even-odd nuclei, 2 - points 
for even-even nuclei, 3 - points calculated on the basis of questionable decay 
energies. 

Fig.3. Sections of energy surfaces with reduced slope cut by the Z = 81, 

Z = 83, Z = 85 and Z = 87 planes. Upper curves - sections of the odd- 

odd surface; lower curves - sections of the odd-even surface; a - inter- 

polated part of curve, b - variant curve drawn through doubtful points; 

1 - points for odd-odd nuclei, 2 - points for odd-even nuclei, 3 - points 

calculated on the basis of questionable decay energies. 


Qp~ (Zy - 2)> Qe-(Zy - 1); 


actually for 0s!95, according to Baro & Rey, is 2 Mev, i.e., is smaller than 
QB for Irl95 according to Butement & Poe23, Interpolation of the curves in Fig. 
1, as well as other curves, leads to a value of = 0.9 + 0.3 Mev for Irl95 in 
agreement with all the inferences from the systematics. It may therefore be con- 
cluded that the mass number assignments made by the authors of Ref.23 for the 
140-min and 9.7-day Ir isotopes are mistaken, 

Gardner & Meinke25 , who bombarded enriched platinum isotopes, convincingly 
showed that the 9.7-day iridium is not Ir196, Consequently, the isotopes Irl95 
and Ir196 have not as yet been obtained and hence their decay energies can only 
be inferred from the systematics. These energies obtained by interpolation in 
the Z= 77, T=N- Z= 41, N= 119 and T = 42 sections are listed in Table 2. 

The decay energy of electron capture Pb203 has been calculated repeatedly; 
according to Refs.9 and 22, it is 1.8 and 1.4 Mev, respectively, but according to 
the more recent work of Nijgh et al27 Qec = Esker pe st Mev. The Pb203 binding 
energy values calculated on the basis of the Ob eeiaed are indicated on the Z = 
= 82 section in Fig.2 by three points: triangles for the old values and a cross 
for the new one. It will be evident from Fig.2 that the "best" curve is the 


solid curve drawn through the cross, i.e., calculated on the basis of the new 
QEc value. 
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The positron decay energy of 11.5-hour Bi 203 


may have two values: Qy = 3.45 + 0.05 
calculate the binding energy of Bi203, 


by a triangle. Inasmuch as odd 
the corresponding odd 


or Qry = 3.20 + 0.05 Mev. 


we obtain the point indi ; 
on the Z = 83 section in Fig.3, while usin is eet ee ce tee 


» according to Novakov et a128 , 
If we use Q; to 


€ Qyz we obtain the point designated 


i-even sections usually lie at equal distances from 
-odd sections it is logical to prefer the curve based on Qi: 


Binding Energy Systematics 
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Fig.4. Sections of energy surfaces with 
reduced slope cut by the N = 122, N= 
= 124, N = 126 and N = 128 planes. Up- 
per curves - sections of odd-even sur- 
face; lower curves - sections of even- 
even surface, 1 - points for even-even 
nuclei, 2 - points for odd-even nuclei. 
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76 80 84 


Fig.5. Sections of energy surfaces with 
reduced slope cut by the N= 121, N= 
= 123, N = 125, N = 127 and N = 129 
planes. Upper curves - sections of the 
odd-odd surface; lower curves - sections 
of the even-odd surface; 1 - points for 
even-odd nuclei, 2 - points for odd-odd 
nuclei. 


In earlier contributions29-31 we spoke of the existence in the energy sur- 
faces of grooves situated along the lines corresponding to the magic number of 


neutrons and the magic number of protons. 
est in the center and decreases towards the edges of the energy surface. 


The depth of these grooves is great- 
This 


assertion was based on investigation of sections of the energy surfaces for heavy 


nuclei. 


The values of the binding energy were taken from the tables compiled by 


the writerl8 in which only the energies for nuclei with an excess number of neu- 


trons were taken from experimental data. 
cy of neutrons in most cases were obtained by extrapolation of curves. 
course, reduced the reliability of the curves given in Ref. 30. 


The energies of nuclei with a deficien- 
This, of 
Now, however, 


after precise measurement of the mass of mercury and lead isotopes and the ener- 
gies of a number of decays28 it has become possible to plot the same sections 
without extrapolation and with only a few interpolated intervals. 

The curves of the isotope sections of the energy surfaces with reduced slope 


are given in Fig.2 for even-Z and in Fig.3 for odd-Z. t 
faces are intersected by grooves extending along the N = 126 line. 


We see that all the sur- 
In the even- 
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Fig.6. Variation of the neutron separation 
energy £&, as a function of the number of neu- 
trons N: 1 - separation energy for even neu- 
trons; 2 - separation energy for odd neutrons. 


5p, Mev 


16 74 76 16 60 OC a4 6 


Fig.7. Variation of the proton separation 

energy 6, as a function of the nunber of 

protons Z: 1 - even protons, 2 - off pro- 
tons. 


even and even-odd surfaces (Fig. 
2) the greatest depth of the 
groove, or, more accurately speak- 
ing, the greatest steepness of the 
sides of the groove is observed 

in the Z = 82 (Pb) section. In 
the Z = 84 (Po) section the sides 
are less steep, while in the Z = 

= 86 (Em) section the sides are 
almost flat and the groove is 
scarcely noticeable. In the odd- 
even and odd-odd surfaces (Fig. 3) 
the steepest groove sides are 
evident in the Z = 83 (Bi) section; 
in the Z = 81 (Tl) and Z = 85 (At) 
sections the sides are consider- 
ably flatter and in the Z = 87 
(Fr) section the sides are almost 
flat and the groove is barely 
distinguishable. 

A similar situation obtains 
as regards the isoneutron sections 
intersecting the grooves extend- 
ing along the Z = 82 line in the 
energy surfaces with reduced slope 
(Figs.4 & 5). In the even-even 
and even-odd surfaces (Fig.4) the 
greatest steepness of the groove 
sides is observed for N = 126. 

The steepness decreases in the N = 
= 124 and N = 128 sections and is 
minimal in the N = 122 section. 

In the odd-odd and even-odd sur- 
faces (Fig.5) the steepest groove 
sides are observed at the N = 125 
section; the steepness decreases 
in going to the sections with 
larger and smaller N. 

Thus the new experimental 
data have fully substantiated our 
earlier views (see, for example, 
Ref.20) regarding the influence 
of nuclear shells on the shape 
of the energy surfaces of heavy 
nuclei. The energy section curve 
based on the new data are smooth- — 
er and more consistent than the 
curves based on the earlier data. 

Fig.6 shows the variation of 


the neutron separation energy B, as a function of the number of neutrons N. The 
broken lines in Fig.6 connect the B, of the same parity, for separation of the 
last neutron from nuclei of the same element, the symbol of which is indicated 
at the lines. Fig.7 shows the variation of the proton separation energy Bp as a 
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hell et Fast: ah 
60 $9 100 110 0 130 =ON 
Fig.8. Variation of the neutron pairing 
energy P, as a function of the number of 77 60 90 100 Z 
neutrons N: 1 - points pertaining to nu- 
clei with an even number of protons Z, Fig.9. Variation of the pro- 
2 - points to nuclei with an odd number ton pairing energy P, with Z. 


of protons Z. 


function of the number of protons Z. Here the broken lines connect the B, of 
the same parity for separation of a proton from nuclei with different numbers 
of neutrons as indicated by the figures at the lines. The separation energies 
for even nucleons in Figs.6 & 7 are designated by circles; the separation ener- 
gies for odd nucleons by crosses. 

In Fig.6 we see a sharp decrease of B, above the magic number N = 126, and 
in Fig.7 decrease of B, above the magic number Z = 82. In Fig.6 we also see an 
increase in the fall off of 4, above N = 116 only for even neutrons, which is 
apparently connected with transition from the region of deformed nuclei to the 
region of spherical nuclei. 

Fig.8 shows the variation of the neutron pairing energy with N,and Fig.9 
shows the variation of the proton pairing energy with Z. The pairing energies 
were determined in the same way as in Ref.32. In Fig.8 the pairing energies of 
the nuclei of isotopes of the same elements are connected by broken lines with 
the element being identified by the appropriate symbol at the lines. In Fig.9 
the pairing energies in nuclei with the same number of neutrons are connected 
by broken lines, the figures at the curves giving the number of neutrons. In 
addition to the pairing energies calculated on the basis of the new data, we 
also give for comparison the old pairing energies: in Fig.8 the values taken from 
the work of Johnson & Nier33 and Johnson & Bhanot34, and in Fig.9 the pairing 
energies calculated for Z>88 frum the values of B, from the work of Foreman and 
Seaborg!5, 

In Fig.8 we note a clearly evident maximum of Py; at N= 116, i.e., at the 
upper boundary of the rare earth element region of deformed nuclei. This maxi- 
“mum of P, is somewhat lower than the maximum at N= 90, i.e., at the lower bound- 
ary of the region of deformed nuclei. The maximum at N = 116 in the old plots 
(for example, in Refs.32-34) is incorrect inasmuch as it was based on an error 
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in measuring the Q value of the Irl91(n,y)Ir192 reaction (see No.2 in Table vie, 
Moreover, in Figs.8 & 9 there are evident minima at N = 126 and Z = 82; these 

are connected with the fact that close to the closed shell there occurs pairing 
of the 125th neutron and 8lst proton with small angular momenta (j = 1/2) ce eo 
Fig.9 there are also evident maxima of P, at N = 116 and 120, connected apparent- 
ly with the boundary of the rare earth region of deformed nuclei, and at Z = 88- 
90, i.e., at the beginning of the region of deformed heavy nuclei. 

I take this opportunity to thank R.I.Demirkhanov, T.I.Gutkin and V.V.Dorok- 
hov for communicating results of their nuclear mass measurements prior to publi- 
cation and L.K.Peker and G.F.Dranitsyna for discussion of the doubtful decay ener- 
gies. 


Leningrad Polytechnic Institute 
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SCATTERING OF FAST NEUTRONS BY NONAXIAL NUCLEI 
- V.1I,Belyak 


Small-angle scattering of neutrons by nonspherical nuclei can be treated in 
the diffraction approximation if kR >1.1,2 In this approximation? the wave func- 
tion of the system satisfies the Schroedinger equation 


(T, + T.) ¥ (r, 0) = 0, (1) 


for z>0 (where z=0 is the plane normal to the incident particle beam at the 
nucleus), where 7, is the kinetic energy operator of the scattered particles, 
and T, is the rotational energy operator of the nucleus. The interaction of the 
incident particles with the nucleus is accounted for by imposing a boundary con- 
dition on the wave function at z= 0. For particles with energies ~50 Mev, the 
nuclei may be considered black, and the wave function of the system consisting 


of an incident wave Y)(r, w) = c'*?.~,(@) and a scattered wave W,(r, o) should satisfy 
the boundary condition 


¥(@,0,0) = {? FOTO! 
Fo(p,0,0)=Go() pS (0), 
where S() is the shadow of the nucleus in the z=0 plane. 
Similarly, 


(2) 


_ {—Po(®), pES(o), 
¥,(¢, 0,0) =| 0, e€S (a). (3) 


Boundary conditions (2) and (3) imply that the motion of the nucleus is 
adiabatic relative to that of the incident neutron in the nucleus, which is the 
case if the neutron energy is much greater than the energy of the levels excited 
in the scattering process, i.e., if e,/E<1.4 

Making use of (1) and (3) and expanding ‘,;(r,®) in nuclear wave functions 


Qn (@) ? 
i, (r, @) = yy Pn (r) Qn (o), 


one can set up a boundary-value problem for ©, (r), whose solution in the limit 
as r—>oo becomes 
ik yr 


O, (r) =< : fn (Q), 


r 


ik? ° ees 
fn (2) = x2 \ down («) 0 (0) | dee’, (4) 
S() 
where k, = (%n, kn) is the wave vector of the neutron scattered in the excitation 
of the n-th rotational level. Equation (4) includes conservation of energy. 
Since, however, it is valid for ¢,/K<1 and for small scattering angles, it can 
‘be rewritten in the usual forml 


jn (Q) = \ dogn (0) f(@, 2) 0 (0, (5) 
j(o,2)=— \ dpe-™ =x = KO. (6) 
S(o) 


Let us consider the differential cross section don = | fn(Q)|?dQ for excitation 
of rotational levels in even-even nonaxial nuclei. 
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According to the unified model, the equation for the nuclear surface is 


R (8, 0) = Ro [1 + Yam (0) You (, @)] 


where ; 
dy, (@) = 8 | Dis (0) e087 + 7 (Dis () + Dis (o)) sin v| (7 
In the approximation linear in a,, the equation of the shadow coincides with 
that of the geometric cross section R(x/2,9,®)of the nucleus. The integral over 
the shadow S(w), from which one obtains /(o, 2), can be written as the sum of an 
integral over a circle S, of radius f, and the integral over AS (@) = S (@) — So. 
The inelastic scattering is determined by the integral over AS() alone, and this 
is significantly nonvanishing for scattering angles <1/B8kR. Let us restrict our 
calculations of the inelastic scattering cross section to the case BkRi<1. We 
can then neglect variations in the integrand of the integral over AS (@) for dis- 
tances of the order of B,, and 


: a 15 91 2 ef 
j(o, 9) = sR [ BORO) YE aol (HR) — YV/ gor ene? + ty, 26%) Ja kA) |B) 


It follows from (8) that in this approximation small-angle scattering excites 
only states of angular momentum 2. The wave functions of such states are 


Poor (@) = (1/82), 


ams (@) = (5/8n2)"" a,D>ng (@) + o (Dare Das (0) | t= 4,2. (9) 


Explicit expressions for a, and ), are given by Davydov and Fillipov.5 
Using (5), (7), (8), and (9) and the properties of the Dfunction, we obtain 


for (Q) = —i(1/16)"* KRBIq (KR) (a, cos y+ b; sin 7), 
foxe,+(Q) = — i (3/320) KR2BJe (kKRy6) e*? (a, cos 7 + 6, sin 7), (10) 


and then 

Asem: (Y) = doemi (y = 0) b (E2, 24 +0), eee 
where 6 (£2, 2t—0) = (a,cosy+0:sin7)* is the reduced probability for an E2 transi- 
tion between the ground state and the corresponding spin 2 state. Explicitly, 


b (£2, 21-0) = : E 3 — 2 sin? 3y } 


V9—8sin'3y 
; et 3 — 2 sin? 37 
b (#2, 22-0) => [1 — jaa (12) 


Thus the differential cross sections for small-angle inelastic scattering 
by nonaxial nuclei are equal to the corresponding differential cross sections 
for scattering by symmetric nuclei multiplied by the reduced probability for an 
electric quadrupole transition between the ground state and the appropriate state 
with spin 2. It will be evident from Eqs.(1l) and (12) that dogm. Vanishes for 
cele eee and for nuclei with y = 30°, and amounts to about 5-7% of do;,,, for 
Y= -240, 


Inasmuch as > (£2,21 +0) + b (E 2,22 -> 0) =1, the angular distribution of 
neutrons scattered through small angles is independent of yd 


doz (~) = D)doom: (7) = doz (y= 0). 
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The existence othe second level with spin 2 in nonaxial nuclei can, however, 
a Retice by measuring the energies of the scattered neutrons or of the emitted 
photons. 


Let us consider the total cross section <«, = Wie (Q) /?d2 for excitation of ro- 


tational levels. To do this one must take into account all the angles 9 in the 
scattering amplitude. Then 


i (co, Q) LS’ (@) cos 8 Iy(kR (> , 0, o) sing ) 


. (13) 
mR (+ , OD, @ ) sin 6 

Assuming 8 and 1/kR small, and restricting our calculations to the first 
order in these quantities, we need consider the difference between S(®) and a 


circle of radius R, only in the argument of the Bessel function, so that 


1 , : / £ 
On == gai \ 10 dow dD, (@) Qn (@ eas (@, wo’, D), (14) 


where | a | 
ge ERA ie ery es phe: 
K (@, @’, D) = \ dA. al (5 Oo; o sin 0) (KR (5 , 0’) sin ae 


0 


sin § 


For BkRS>1, the small angle scattering is important; hence neglecting quan- 
tities of the order of 1/kR, we can use the small-angle approximation and extend 
the integral to infinity. Then 


K (o, 0.) = + + |R(5, 9,0) —R(Z,0,0')| (15) 
Inserting (15) into (14), for axial nuclei we obtain 
Gy =A? (1 — (5/162) * 8), 
San = G2, 2 = (3/2) 629, 2 = S16om=(5/8) (5/16m)"* RB. (16) 
Since the cross section 6 = S} Sem does not contain a term linear in the de- 
formation, in our approximation ones > Sem = —A6y)=(50/16)'2AR2B3. For actual nu- 


e>0,m 

clei, the condition BkRS>1 is fulfilled only at energies for which the nucleus 
may not be considered black. 2 ghe 

When BkR=~1,scattering through large angles is also significant. Since the 
diffraction approximation is no longer valid for large-angle scattering, the above 
deduced formulas for the total cross sections can be used only for purposes of 
rough approximation in this case. 

When gkR~1; it is convenient to write K(w,’,®) in the form 


Kelenin' D) 42 — (cos t + tSit + at at) / nkR, (17) 


where t=k[R($®,0)— R(F,0,0')|, WP Lic Pak be, 


i i tion in the form of an ex- 
By using (17) one can write the total cross sec , 
Pe zion in eet of kRB, which corresponds to expanding the scattering amplitude 
in powers of kRBO. Using only the first term of such an expansion (for a = i), we 
obtain the following expression for axially symmetric nuclei: 
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6g = (1/3) (KRB) R°B. (18) 


The second term of the expansion gives a correction equal to — (1/98s) (ARB)? AB. 
For nonaxial nuclei, if one keeps only the first term of the appropriate ex- 
pansion, Eq.(11) remains valid for the total cross sections as well. 
I desire to express my gratitude to A.S.Davydov and D.A,Zaikin for helpful 
advice and discussion. 


"P.N. Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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PETERMINATION OF THE MEAN LIFETIME OF THE EXCITED STATES OF U235 FISSION FRAGMENTS 


- B.M.Shiryaev 


re Ae eres eet itetine of the excited states of fragments formed in 
aa ca erest from the standpoint of investigating the 
eek ety . etime measurements were carried out by Smith, Fields, 
who used a coincidence apparatus comprising a gas scintillator for 

detecting the fragments and a plastic scintillator for detecting the y-rays and 
neutrons. These authors studied spontaneous fission of Cf£252 and placed an up- 
per limit on the intensity of neutrons and photons emitted in a time of the order 
of 10-9 sec after fission. 

Sklyarevskii, Fomenko & Stepanov? compared the intensity of the y-radiation 
emitted in thermal neutron induced fission of U235 fox the case when the y-rays 
are emitted only by the scattered fragments with the intensity of the y-radiation 
emitted both from the target itself and from the outgoing fragments. They found 
that the main part of the y-radiation corresponds to a fragment lifetime lying 
in the range from 0.51079 to 2.5-107-9 sec. Both groups of authors come to the 
conclusion that the radiation is primarily dipole in character. 

In the present work the mean lifetime of the excited states of fission frag- 
ments with regard to y-ray emission was determined on the basis of measuring the 
‘solid angle of the y-ray detector as viewed by the fragments. 

An ionization chamber with a layer of the fissioning material? on its bottom 
and a scintillation counter2, arranged as shown in the accompanying figure, were 
mounted in a neutron beam. The electronic circuit recorded the coincidences be- 
tween the pulses from y-rays and from the ionization chamber. The number of co- 
incidences under these conditions should depend on the distance between the fis- 
Sioning substance layer and the collecting electrode of the chamber, as long as 
this distance is shorter than the range of the fragments. 

With increase of this distance the number of coincidences decreases owing 
to de-excitation of the fragments during the time of flight, i.e., owing to de- 
crease of the solid angle from the fragments to the crystal. The mean lifetime 
‘is given by the formula 

2N 
ie 
ime) (7) Ra 


Q 


where f(r) is a function that depends on the distance between the fissioning lay- 
er and the collecting electrode, V is the number of coincidence per fission event, 
N,is the number of y-rays emitted per fission event, § is the efficiency of the 
gamma detector, v is the mean velocity of the fragments, and 2 is the solid angle 
comprised by the gamma counter as viewed from the fissioning layer. 

In the given experiment for detecting the y-rays we used a scintillation 
counter with an NaI(T1) crystal. The fragments were detected by means of a single 
layer ionization chamber which was filled with a mixture of argon (95%) and carbon 
dioxide (5%). The uranium oxide layer on the bottom of the chamber contained 
97.8% U235, had a superficial density of 300 ug/em2 and was applied by electroly- 
sis onto an aluminum backing. The distance between the uranium oxide layer and 
the collecting electrode could be varied from 5 to 22 mm by means of a sylphon 
ae calculating T, we used the values of N, and § obtained in the work of 
Artem'ev et al4#, the solid angles were calculated using the data ee Petrzhak & 
Bak?; the fragment velocities were taken from the work of Leachman”. 
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It follows from the results of our 
measurements that the mean lifetime of the 
fission fragments as regards emission of y- 
rays lies in the range from 0.5°1079 to 
2.0°107-9 sec. This is consistent with the 
values obtained by other methods. 

The experimentally determined lifetime 
values indicate that the y-rays are emitted 
mainly after evaporation of the neutrons from 
the excited fragments. However, a number of 
factors (angular anisotropy of the y-rays, 


CZZZIZ 2) 


hr 
i 
% 
"9 
4 


CZZIZZZ7V 


BSSSSSSSSSSS 9 


Counter arrangement: 1) photo- high value of the total energy of the y- 

multiplier, 2) NaI(T1) crystal, radiation emitted per fission event) are 

3) ionization chamber housing, not consistent with the usual theory of 

4) uranium oxide layer, 5) syl- neutron evaporation, hence it is of inter- 

phon bellows, 6) collecting elec- est to search for shorter y-ray emission 
trode. times in the process of fission. 


I am grateful to A.N.Protopopov and 
V.P.Eismont for valuable suggestions and for discussion of the results. 


"B.H.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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COLLECTIVE EXCITATIONS IN SUPERFLUID NUCLEAR MATTER 
- B.B.Dotsenko 


We use Bogolyubov's method? 
of superfluid nuclear matter, 


Consider a very large (infinite) collection of nucleons, the density of 
which is equal to the nucleon density inside heavy nuclei. Then the attractive 
nuclear potential can be divided into two parts, one of which (the basic part) 
is used to construct a self-consistent field (and causes a change in the effect- 
ive nucleon mass) 2, The remainder then appears in the form of a two-particle 
correlation, and leads to a superfluid condensate of pairs of particles (or holes) 
with momenta close to the Fermi surface.3 * Aj] the nucleens are also acted on by 
hard-core repulsive forces (repulsive forces due to the nucleon cores). We shall 
neglect the Coulomb repulsion between protons, taking account of the difference 
between neutrons and protons only through the isotopic spin. The repulsive for- 
ces do not contribute to the self-consistent field, and have to be included in 
the correlation part of the attraction. 


Accordingly, we write the second-quantized Hamiltonian for nuclear matter 
in the fornl 


to find the excited and ground state energies 


, at { : , , 

ge ee ey MUU e.a.2,0. qq) 

i ie ites a 
where a; and a; are fermion (nucleon) creation and annihilation amplitudes, / is 
a collective index denoting eigenstates of the momentum p, the spin co, and the 
isotopic spin t of a particle, 7’ represents the one-particle Hamiltonian 7'(/, /’)= 
= {E(f)—A}8(f—/7’), wherein E = (p?/2m)-_W is the basic part of the particle's 
energy (including the kinetic energy corresponding to effective mass m and the 
self-consistent field energy WW, and is the chemical potential of the system, 
introduced to take into account number-of-particle conservation. We write 


N= dpb (t — */2) + 1,6 (t + 3/5), 


where i, and i, are the potentials of the proton and neutron subsystems, respect- 
ively (in general 4,~4n). (In the normal state, } is equal to the Fermi energy.) 
The remainder [/ of the potential is, in our case,** 


, , ‘| , i — ‘ , om , D 
U (fi, f23 Fes fyj= Vv {J (pi, P23 Pas Pr'| 91, T13 52, Tas Si, Tr; Se, Te.) + 


+ «(| pr — pil} 8 (Pi + Po — Pi — Pa) 8 (G1 — 64) 8 (G2 — 52) X . 
Olt, 1)0(1s =), (1') 


where J/<0Ois the effective attraction leading to the formation of the superfluid 

condensate, and % (| Pi — Pil) is the Fourier transform of the repulsive hard-core 
otential. 

a In the presence of an external perturbation, one must use Bogolyubov's gen- 

eralized principle of compensation? to describe the superfluid state of a system 

of fermions. This principle forbids the appearance of two particles with very 

similar momenta p, and p,; in the first approximation it may be written 

RE Sie pe peherecay as eye ; 4 

| *We do not consider four-particle correlations here. 

**Al1]1 the p's are vectors. 
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crrene ly a 0, (2) 


where the a, are new fermion amplitudes obtained from the a; by the canonical 
transformation 


+ 
ay = > (Ujyy + Vyyy) (3) 


v 


and “orthonormalized" according to 


> {Upytyry + VpyDjrv} 10 (7 ee oe 
: (4) 


Sd) (Upoyy + Uyprvopr} = 0, 


a condition which guarantees that the transformation be canonical. Here 45(/—/’) 
is the Kronecker delta symbol, the asterisk denotes the complex conjugate, and 
the brackets <--->o represent the expectation value with respect to the vacuum 
state C, defined for the a, operators (i.e., a,Co=Cjaz,—0). Bogolyubov has shown 
that Eq.(2) for the u;, and vj, is equivalent to the two relations 


MS <((G;,0,; He = 07 B= Claas HS, 0, (5) 


where [---] is the Poisson bracket. 
The expressions for Y and 8 contain C,-expectation values of the form 


(ayay)o = it) =k Dini Spy 4,20 = D (fis fa) = DU Pers (6) 


which can be written out explicitly if we replace the a; in (5) by the a,, accord- 
ing to (3). The functions F(j/,/’) and M(/,,/:.) can be interpreted as distribution 
functions for the system of particles and holes (/) or the system of pairs (O) 
They satisfy the conditions 


FAP)=F (PF, fs O(fe: fh) =—O(fy fa), 
La aaa) =) F (A, DL (F; fe) + OD (7, 11) D(f, f2)}; (7) 


f 


SEF (A NO (f, fa) + F (fa f) O(f, fr)} = 0. (8) 


f 
It can be shown! that 9 and % are not independent, so that it is sufficient 
to consider just one of relations (5). Let us set 9% =0, which corresponds to 
the superfluid ground state of the system, and let us write out Uy and vy ina 
form that exhibits both their spin and isotopic spin dependence: * 
1 , , e , 
Se pee! (Pi) 8 (p’ — px) {8 (5 + 94) + 25,8 (5’ — 63)} x {6 (0 + T) + 20,6 (t’ — 1,)} 


OF x? (P2) 6 (p’ + Pa) {2696 (6’ — 62) — 8(6’ + o3)} x {2095 (t’ — 2) + 8 (0! + T2)}. (9) 


oS Se LOS A SD SN NY Se cS SRN SS es fe ee Sy 


*We emphasize that this transformation is chosen only for the purposes of 
simplification. One could just as well have chosen the transformation proposed 
by Solov'ev et al4, It would then be possible to include not only correlation 
between particles with the same, but also with different isotopic spins. In 


heavy nuclei, however, the correlations are of the type obtained with our trans- 
formation (9). 
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Then for the distribution function of the system's ground state we obtain 


Fo (ty fe) = F (p1) 8 (Pi — Pa) 8 (6; — 6) 8 (v, — 1); F(p) = v® (p); (10) 


© (/1, f2) = D (py) 6 (py + P2) 8 (51 + 69) (7, — 72); @ (p) = u(p) v(p). (11) 
EP) 2 08(p) ==<0), 


Taking U in the form given by (1'), using the relation %—0 and Eq. (10), 


and recalling that the spin and isospin are uniquely specified by the correlation 
functions F and ©, we obtain 


25 (p)® (p) + 7 [1 —2F (PW (pr, — 2; —p', v') +x (p—p' py O—) <0: 
“2 


+ “| , , , fi LA , , 
&(p) = E(p) —¥+ 7 QD (D, v's p’, P)—I (p, P's P, P’) + % (0) —x(|p—p'))} F(p), G2) 
oe 
FP (p) = F?(p) + ©? (p). 

Here we have assumed that the isotopic spin J is invariant. 

Let us find the role of the repulsive potential x/(|p|) in (12). Mills et al 
established the significant value of the nuclear repulsive forces, assuming the 
nucleon cores to be hard spheres. This assumption leads to a grossly overesti- 
mated value of the repulsive forces (see also Brueckner and Gamme1®) . We shall 
therefore use the more realistic assumption that the nuclear cores are not ex- 
actly hard spheres, but that their density decreases as exp(—r/a,), where a,= 


& 2-10-14 om.7 Accordingly, we shall assume that the short-range repulsive po- 
tential also drops off exponentially, and may be written 


V.(r) = A {exp(—r/a.)}/r, A=const. (13) 


The Fourier transform of this potential is (cf. Chapter 6 of Bogolyubov, Tol- 
machev & Shirkov?.) 


A 
=F (pt +a?) ” 


and a,? is relatively large with the given value of a. Thus x(|p|) is a decreas- 
ing function of p and hence is maximum at p = 0, where x(|0]) = Aa?/2n?- This 
means that even at p= 0 this function is not large. We may therefore assume 
that in a shell around the Fermi surface x/(|0|) is much less than J (p, p’; p’, p)- 

This x(\0|) enters only into £(p). Since x(|0]), which we are going to neglect com- 
pared to J, is the maximum value of x(|p—p’'|), we may neglect this function wher- 
‘ever it occurs in (12). But this will lead to an equation identical with Bogolyu- 
bov'st Eq. (32) , which means that with the properties we have assumed for the re- 
pulsive forces, the repulsion has little effect on the superfluidity. If one 
wants to treat the effect of the repulsive force more accurately, one must con- 
sider the function 


[J (p, p's’, PY—I (p, Pi P,P) + # (OPI 


in (12) (the other terms containing x(|p—p'|) in (12) may be pata ce x HH 
other words, the repulsive forces in a sense deform the energy oon s ~ u 
al particle, but have virtually no effect on the form (or the solu ee ‘ t oi 

fundamental equation for the superfluidity of a system of fermions ogolyubov's 


Eq. (32)). Indeed, setting 
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4 ; ; , 
— 2 >I (p, — i — P's PO (p') = € (P), 


in (12) (again, we are neglecting «(//—p’'|)), we obtain 
D (p) = € (p) /2Q1 (p); # (p) = {1 — & (p) / 21 (p)}./ 2; 
E(p) = E(pP)— 4+ (ps P's PY —I (P,P BP) EH (OP}, (14) 


Q.(p) =V B(p) + C2(p), %(/0|) = Aad/ 20? 


and the equation 
1 yA / y © / 
C(p) + = DI (p, — Ps — P's p’) C (p’) / 2, (p') = 0, (15) 
= 


whose solution gives the ground state of the superfluid condensate.1+ 

Let us now turn to the problem of excitation from the ground state. Liss 
shown by Bogolyubovt that such excitations correspond to variations of F and 
from their ground-state values /’, and Q,: 


the variations satisfy the relations 


. OOF (fi, a8 ’ 
je IY ON f,| FO), g PO 1) _ 995 (4, fal F, ©) (17) 


and the subsidiary conditions 


OF (A, fe) a > {0; , Up A (v1, V2) + Uy Pfave” (Vo, vi)}> 
vie (18) 
dD (A, /2) ime > {Uj,yUfovo (v1, V2) ~- pv Vj” (Vo, v1)} ’ 


Vive 


obtained from (7) and (8), where A is an antisymmetric parameter. According to 
Bogolyubov, A may be used to describe collective motion of a system of fermions, 
since p, and p,, the Fourier components of the particle density and momentum 
density, respectively, are related to A byl 


1 
eam yD (Ps) u(ps) + 2 (P0) 4 (Pe)} (A (Pas Ba) + A (= Pas Pad 

‘ +}Pe= (19) 
eis Thy {v (pz) u (Pr) — v (py) w (py)} {A (Pi, P2) — A* (— pa, — Pi)}- 


Equations (17) lead to complicated equations for A. (For all details of 
the derivation and solution of these equations, we refer the reader to Bogolyu- 
bov's work.1) The solutions may be written in the form! 


A (¥1, V2) = Je (V1, Va)3 A* (vy, V2) = Dde#y, (Vi, V2), (20) 
E 
Ge = Naas 


Inserting these expressions into the equation for A, one obtains general 
forms for the equations for the eigenvalues - and the functions ¢.and.y. I£ 
one then inserts (9), (10), and (1') into these general equations, it is found 
that the vibration spectrum given by (20) breaks up into four peedenen corre- 
sponding to correlation between particles for which 1) Oy = 623 Ti = T2, 2) 6, = So, 


pPr=p and p»=—p-+q. Then the functions 


, 
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fu — 3, 3) oj; = 63, t= —13, or 4) co, =— 6, 1 = 

, 25 = 2; Ty = —T. Taking case 2, we obtain 
equations for y and ¢, and it is found that P,; and p, are related by the equa- 
tion p,+p,= q, where g is fixed (the momentum of the excitation). Let us write 


Aq(p) = (Pi, Po) + n(— po, — Pi) and 09(p) = (pi, Pe) — 1 (— po, — pi) (21) 


determine the contributions A, and §, to the oscillations in particle and momen- 
tum densities, respectively, from such excitations. 


From the equations for y and ¢ we obtain equations for A, (p) and 6, (p): 


S(Aq) = [21 (p) + 21 (Pp — 9)1 Ag (p) + DA, (p, v!) Lp’) L (p) + 
+ G,(p, p’) M (p’) M (p)} Ag (p') = Ey (p); 
T (Bq) = (21 (P) + 21 (P ~ 9)1 8 (P) + 5 Ds (P,P) P (p") P (p) + 


+1) (Pp, Pp’) R (p’) R(p)} 84 (p') = Edy (p); (22) 
L(p)=u (p)u(p— q) —v(p)v(p—q); M (p)=u(p)v(p—q) + v (p)u(p—q) 
P (p)=u (p)u(p—q) +2(p)v(p—Qq); R(p)=u(p) v (p— gq) — v(p)u(p—q) 
JAP: P) = Lp — p+ 9; —p' +4, p’) + «(\p—p')); 
ed AU DP dy Deed) te J (PD, PD — 93 p', D =9) — 
—J (p' —@, p; p’, p—q) + 2% (\¢|) + x(|p—p')); 
I’ (ps p') =I (p, P’ — 93 P's P—9)—I (p'—4, Ps P's P— 9) — 
—J(p, — p's; —p’ +4, p—9 +%(\p—p')). 

As before, we can neglect the contribution of x(|p—p’|) to the kernels J’, G’ 
and I', compared to the contribution from J for large p. The most dangerous case 
is G,(p, p’), which contains x/(|q|) (mote that ¢=p,+p, is small). Considerations 
similar to those used in discussing the contribution of x(|0|) in Eq.(12) lead to 
the conclusion that the contribution of the repulsive force to the "dangerous" 


kernel G (p, p’) remains bounded as g-+0, and leads to no divergence. 
Let us now turn to the excitations described by (22). With Bogolyubov! we 


set 
9(p) = 546 (p — po); A (p) = 525 (p — Po), (23) 


where s, and s, are constants, and » is an arbitrary fixed momentum. Then drop- 
ping terms proportional to 1/V, which vanish in the limit as V-—>oco and thus 
cause only local changes in the wave function, we arrive at 


sy {21 (Po) + 23 (Po — 9)} = SE; Sq {821 (Po) + 921 (Po — Q)} = 1F, (24) 


whence 


E = Q, (po) + 21 (Po — 9): (25) 


This means that for the given 6, and A,, the energy FE of an elementary ex- 
citation depends continuously on p,, and that for fixed gq it is separated from 
the ground state by an energy gap (C (p) err 023): 

Following Bogolyubov, one can show that WM, (p) 6 (61 + 52) 6 (11 — T2) Corresponds 
to the bound state of a pair, and that 6M breaks up into the product of two 


plane waves, which denotes the breaking up of the pair into two free particles. 
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Let us now go on to a consideration of collective excitations, whose energy 


values / form a discrete set for fixed gq. 
If we neglect all repulsive forces, all the /, Gand J kernels become finite. 


Then for g=0 Eqs.(22) have the solutionl 


O(p) =u(p)v(p), A=0; Z=0 (26) 


(i.e., the collective excitation spectrum starts at zero), and for small 4 the 
energy eigenvalue is 


= | q | c/V 3, (27) 


where c is approximately equal to the particle velocity on the Fermi surface. 
When repulsive forces exist at g=0, the term with I (P> p’) in the second 
of Eqs. (22) disappears, J,(p, p’) goes over into the expression for the effective 
attraction, cae % (| p— ?'1) may be neglected), and G,(p, p’) is only slightly de- 
Then for g=0 the entire set of Eqs.(22) has a solution of 


the form of eae 
For g--0 but nevertheless small, we may attempt a solution in the form of 
an expansion; 1 
= u(p)o(p) +|q]% (pe) +...; A=[@]Ar(p,e) +... 
= hg | Eee. 6 == gq pay. ss? 


Inserting these expressions into (22), one arrives at 


T (0) =— Si e& {07g (ur) [09% a=03 (29) 
1<¢<3 
So (Ay) = Eyuv; (30) 
uae oT, (61) : os Ee (uv) 
T (8.) = £y,A, — Le aq@ poss = meee aqtag? Se (31) 


When this set of equations is solvedt , one finds that even when a hard-core 
repulsion is taken into account, the collective-excitation energy will be of the 
form 


Foot =|q |¢-/V 3. 


In this case, however, c, is less than c of (27). 

Thus, apparently, one can conclude that there are two types of collective 
excitations of nuclear matter. Those of the first type, which have been discussed 
by Glassgold et al8 , are excitations of an ordinary degenerate system of Mees tiaer = 
(the "normal phase"). The energy of such excitations is relatively high® (~30 
Mev). Excitations of the second type belong to the “superfluid phase" (or con- 
densate) , which is present mixed in with the "normal phase" in nuclear matter.* 
These excitations are of relatively low energy. (If one accepts the Bohr- 
Mottelson estimate of about 1 Mev for the energy "slit", the energy of this 
second type of excitation lies within the slit. Thus if one subjects nuclear 
matter to weak excitations, the energy should be absorbed by the "superfluid" 


phase, leading to a "second sound" wave, while the "normal" pha 
se of th 
matter will remain unexcited. F e nuclear 


*Since the superconducting condensate is formed entir 
ely of n 
close to the Fermi surface. y ucleons lying 
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. I desire to express my deep gratitude to N.N.Bogolyubov for suggesting the 
topic and his interest in the work, as well as to V.G.Solov'ev for discussions 
of a number of specific points involved in the work. 
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METHOD OF DISCRIMINATING PULSES DUE TO FAST NEUTRONS FROM PULSES DUE TO y-RAYS 
BY MEANS OF PHOTOMULTIPLIER SPACE CHARGE 
- G.G.Doroshenko and E.L.Stolyarova 


The difficulty of detecting fast neutrons against a y-ray background is well 
known. Until recently the problem was solved either by means of special elec- 
tronic circuits (e.g., coincidence circuits, subtraction circuits) or by using 
complex phosphors (e.g., ZnS(Ag) grains in a hydrogenous medium such as plexiglas). 

The chief drawback of these methods is their very low detection efficiency 
for fast neutrons; usually, the efficiency is of the order of 0.001%, and in the 
very best cases is only 0.1%. 

High efficiency organic scintillators with a detection efficiency of 10% to 
40% for fast neutrons could not be used because their light yield for the same 
particle energy is substantially less for protons, Q-particles and heavy ions 
than for electrons. 

It was recently observed that some organ- 
ic scintillators exhibit an interesting pro- 
perty: their effective afterglow or decay time 
for fast neutrons is about twice as long as 
for y-rays.1,2 

Two methods have been suggested for mak- 
ing practical use of this property. Both 
methods employ ordinary photomultipliers 
operated under linear conditions and in both 


Fig.l. Diagram of the discrimi- two pulses are taken off the photomultiplier: 
nation apparatus with an oscil- one from the anode, the other from the last 
loscope: 1) scintillator, 2) dynode. 

photomultiplier, 3) amplifier, However, the methods differ as regards 
4) pulse stretcher, 5) trace the detection circuits. In the first method! 


intensifier, 6) cathode-ray tube. (Fig.1) the pulse from the anode is propor- 

tional to the amplitude of the scintillation, 
while the pulse from the dynode is proportional to the integral light yield. The 
pulses, after amplification and stretching, are displayed on an oscilloscope as 
two lines, one of which corresponds to neutrons and the other to y-rays. Although 
the results of this method are very graphic, the electronic equipment involved is 
complicated and the method 
cannot readily be used to 
measure fast neutron fluxes 
and spectra. 

The second method2 em- 
ploys a simpler circuit (Fig. 
2). In practice, however, 
as Brooks# shows, the pro- 
cedure demands scrupulous ad- 
justment of all circuit ele- 
ments, smoothing out the di- 
ode non-linearities, etc. 
Moreover, the output signal 
is very weak and hence con- 
siderable amplification is 
Fig.2. Brook's circuit: 1) scintillator, 2)photo- required. 
plier, 3) discrimination apparatus, 4) amplifiers. The method proposed 
Insert upper left - pulse shapes at point A, cor- herein utilizes an artifici- 
responding to neutrons and y-rays. ally created space charge in 


16 18 2,0 fata a4 
Vpw kv 


Fig.3. Effect of space charge as 
a function of the scintillation 
decay time: 1) stilbene crystal; 
2) NaI(T1) crystal. An FEU-33 
photomultiplier and a Zn65 y- 
source were used in the tests. 


330 220 130 
£Q *Q 4D 


O01 uF 
Fig.4. Discrimination apparatus: 1) scin- 
tillator, 2) FEU-33 photomultiplier. In 
the insert (right) for the sake of simpli- 
city the negative output pulse is shown as 
positive. 
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the last stages of the photomultiplier to 
separate pulses due to fast neutrons from 
those due to y-rays. The action of the space 
charge in the last stage of the photomultipli- 
er results in conversion of the difference in 
effective scintillation decay times to a dif- 
ference in amplitudes. We know of no similar 
use of space charge, although Owen! notes that 
in using the first method improved discrimina- 
tion is obtained if the "fast'' component of 
the pulse is clipped by space charge. In a 
brief communication Litherland et al? mention 
limiting of the current leaving the last dy- 
node during the "fast" part of the current 
pulse by the space charge between the dynode 
and the anode; they assert that as a result 
the amplitude of the positive pulse from the 
slow’ component depends on the relative in- 
tensities of the "slow" and "fast" components. 

Fig.3 shows the results of an experiment 
to test the possibility of using space charge 
to distinguish between two scintillation com- 
ponents with different decay times. It will 

be evident that for the short decay 

time of stilbene space charge has a 

substantially stronger effect de- 

spite the lower light yield. The 

scintillations from fast neutrons 

have a decay time approximately 

twice that of the scintillations 
™ from y-rays, leading us to expect 
that space charge can be used to 
convert the time difference to an 
amplitude difference. 

To produce a high current densi- 
ty and an adequate space charge we 
need a large amplification factor and 
a reduced voltage on the last stages 
of the photomultiplier. The "“slow' compo- 
nent decay time is of the order of 0.3 
usec,~ and consequently the time constant 
of the output RC circuit must be fairly 
large. 


<Fig.5. Gamma-calibration. Overall 
photomultiplier voltage 2.4 kv. All 

the points for the y-sources were deter- 
mined from the Compton edges of the 
amplitude distributions. The Cl2* point 
was obtained from the amplitude distri- 
bution for a Po-Be source with the fast 
neutrons stopped by 406 mm of paraffin. 
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Fig.6. Curve 1 is the amplitude distribu- 
tion of pulses from a Po-Be source; curves 
2 & 3 are the same but with a 12.8 cm layer 
of lead and 25.8 cm layer of paraffin, re- 
spectively. Region I corresponds to pulses 
solely from fast neutrons with energies of 
Boa Mev; region II corresponds to y-rays 
and recoil protons of lower energy. 


To block out the y-background, 
the output pulse amplitude must be 
independent of the recoil electron 
energy in a wide energy range. 

This independence can also be as- 
sured by space charge in the last 
stages of the photomultiplier. 

The proposed discriminator 
circuit is extremely simple (Fig. 
4), and gives good results. We 
carefully selected the circuit 
parameters by studying their in- 
fluence on the amplitude distribu- 
tions from a Po-Be source and vari- 
ous y-sources. The final charac- 
teristics are shown in Figs.5 & 6. 

Fig.5 gives the y-calibration. 
Clearly, to reduce the threshold 
for detection of fast neutrons one 
must adjust the circuit so as to 
bring the pulse amplitudes corre- 
sponding to the lowest-energy gam- 
mas out onto the plateau; this can 
be realized by providing suffici- 
ently high potentials on the photo- 
multiplier. 

Fig.6 shows the amplitude dis- 
tribution of pulses from a Po-Be 
source. The pulses in region I 
correspond solely to fast neutrons 
with energies of 31 Mev. The puls- 
es in region II correspond to y- 
rays and low-energy (<1 Mev*) pro- 
tons. Thus, simple amplitude dis- 
crimination in region II is enough 
to record exclusively pulses due to 
fast neutrons. Experiments on at- 
tenuation in lead and paraffin of 
the fast neutrons and y-rays from 
the Po~Be source (Fig.6) quali- 
tatively confirm the discrimination 
effect. The ratio of the peak am- 
plitudes due to fast neutrons and 
y-rays is of the order of 2. 

We tested 25 stilbene crystals 
and 12 FEU-33 photomultiplier tubes. 
All the crystals gave the same re- 


sults, while the six photomultipliers with the greatest multiplication factor 


gave results similar to those shown in Fig.6. 


Tests with a diphenyl acetylene 


crystal showed no discrimination effect, which is in agreement with the data of 


Brooks? and others. 


*The lower bound of 1 Mev is inferred here from the known relation of the 
light yields from electrons and recoil protons. 4 
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The proposed discriminator should find extensive practical application be- 
;cause the output pulse amplitude is approximately 100 volts, which makes it feas- 
ible to design simple equipment for measuring fast neutron and heavy ion spectra 
in the presence of a considerable y-ray background. 
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LONGITUDINAL POLARIZATION OF PARTICLES IN WEAK FOUR-FERMION INTERACTION 
- B.K.Kerimov 


1. It was shown in previous contributions!~4 that by means of the theory? »1 
of Dirac particles with oriented spin one can relate parity nonconservation in 
weak interactions with the spin of the elementary particles. In these previous 
contributions there were calculated, on the basis of the theory of longitudinally 
polarized Dirac particles, the angular symmetry and the degree of longitudinal 
polarization of the particles emitted in B-decay of nuclei, in the decay of a 
polarized free neutron and in ttt decays. In Ref.4 there was proposed a dif- 
ferent explanation of the theorem "ICT = const. in weak interactions’ on the 
basis of the theory of the neutrino with oriented spin®. 

In the present work we calculate the angular distribution and longitudinal 
polarization of particles emitted in the decay in flight of a fully polarized 
free fermion ) into three fermions: 


b>a+c+d, Guy) 


and, accordingly, for the reaction b+d—-a-+c. 
In our treatment the wave functions of the free fermions »;(i= a,b,c and d), 
entering into the four-fermion interaction (V,A): 


Aing= S) C5 (PZOMP,) (PFO, (2) 


j=VA 
Oy = An, => (ce, Ly, On = Ou. =a (s, ipy), 


are determined by simultaneous solution of the Dirac equation for a free particle 
and the equation 


(9: P; — P;S;) v; = 0, (3) 
h 3 > > 
where P,=+yvi 18 the particle momentum operator, a= p,5, p, are Dirac matrices, 


s;=xu1 is the eigenvalue of the projection operator Sp, / D., which characterizes 
the helicity of the fermion and is an integral of motion (see Refs.1-5). 

For s; = 1 the fermion has positive helicity (the fermion is polarized in 
its direction of motion), while for s; = -1 it has negative helicity (the fermion 
is polarized opposite to the direction of motion). 

Such states with full longitudinal polarization of the spin may be realized 
in the limit at relativistic velocities of the fermions. In this treatment the 
matrix elements of the decay process (1), pertaining to longitudinally polarized 


fermions with different masses k k 
i ;,, can readily be calcul 
formulal ,5 0 hj y culated by means of the 


b; (Ki, £4, 84) Ypevrd; bt ! 
i (Ki, 4, &4) TarvrO5 (Kj, 83, €5) OF (Kj, 85, &3) Yavdi (Kin Si, €1) = Ppt Svn, (4) 


where 


¢ ey 1 k. k.. / Te 
Pe = Z Spur py( 4 aie Pibisi Ke se pei 72] Py (1 + preisi + pei 52*) 
2 i i d 


S, Pee ck, ok, 
Sy'y = z Spur ,, (1 al. ie] Gy ( +35] (5) 


BM, pe and V, v =4) 2, 3, 4; 
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here i=0 or d; j=aor °) Tuy = PuSy = 6,0, are matrices defining the type of inter- 
‘ action, p, and o, are Dirac matrices (04 = 6g = J); the 5; ;(k,s,e) are the spinor 


amplitudes of the free fermions; &,; = +1 determines the sign of the energy 


as Pe i En 2 2 TTL ois xcs 
e1jRKs; = eich Viki; + hijo) and the momentum p, ,~e,,;hk;;, ANA hyigy = 2 


; is the fermi- 


on rest mass. 


2. The differential probability of the decay process (1) is determined by 
the following formula 


dw = (¢k,) (dk) 


“om amps | Moa |?6 (Ky — Ka — Ke — Ka), (6) 
where k, =k, +k,+ kg, and 
|MraP= >)  CiC} (by Oj baba Oj») (b4 O}-bbt Oba). (7) 
j,77=V,A 


Calculating the matrix elements of the (V,A) form of interaction by means of 
Eqs. (4) and (5), from Eqs.(7) and (2) we obtain the following general expression 
for the square of the matrix element of the decay process (1) for fixed longi- 
tudinal polarizations s; of all the decay fermions: 


; l : 2 ; 2 
(1 af ap PPG (OreOns | Cv | otogs | Ca |?) + 


44~ 44 Ima: 


1 ; 
+ gg ettont olpayh Cy P+ otpogt| Ca P)— 


= 7g Pape {2 (Cy P+] Cal?) D+ (Cy Ca + CaCy) (oPt0c4 + obtacd)} + 


44 ~ 44 an 


+ 7g (CVCa + CaCy) (phapsd-+ phaped) D, + 


+ ggi (CvCa —C4Cy) (piped — praped) De; (8) 
here 
passa = (1 + €a8vSaSvBaBo + €a€rBoaBon) (1 + &€aScSa3cBa + &c&aBocBoa); 
planed — (1 + €g€pSaSvBaBo — &a€eBoaLov) (1 + €,84ScSa8cBa — Ec&aBocBoa), 
potocd — (& 5485 + €aSaba) (€aSaBu + EcScBe); 
abaged — (1 + eq&p (Sa8e)) (1 + &c&a (SeSa)), 
oa OSS == 3 — &c€4 (ScSa) — Ea€d (SaSv) — 28a (SpSa) + 2Ea€a (SaSa) + 
+ 2ev€e (SpSc) — 2Eake (SaSc) — Ea€vEcEd (Sap) (ScSa) + 
+ 2egev€c&a ((SpSa) (SaSc) + (SaSa) (Svc), 
D, = e€a (SvSa) + Eaba (SaSa) + Ev€c (SuSe) + Ea&c (SaSe) — 
— €&g€r€a ((SvSa) (SaSc) — (SoSc) (SaSa)): 
Ds = €gpEd (Sa [SaSa]) + &a&a&c (Se [So8a]) + EcEa&o (SaSc]) + es 
+ &Eq&a (Sa [SaSe]), 
where 


=¥) decay S,= 0 and B, = 1. The 
neutrino —y) and antineutrino (q =‘) 

ee of one pai espa can readily be eliminated from (8) and (9) by means 
of conservation laws. Equations (8), (9) and (6) describe the spin on eae 
correlations of the particles in decay in flight of a fully polarize erm ; 
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the deduced formulas allow of investigating the angular distribu- 


In particular, 
rticles forming in decay in flight of a 


tion and longitudinal polarization of pa 


polarized neutron or a polarized muon. 
If the decaying polarized fermion is at rest (k,—0, Sp = s,k? is the spin vec- 


tor of the fermion 0), from the deduced formula for |M,,|? as a particular case 
we obtain the expressions for the angular distributions in the decay of a polar- 
jzed neutron and muon at rest taking into account the longitudinal polarization 


of the forming fermions. 
In case of decay in flight of a fully polarized neutron n— p -+- ety in (6)- 


-(9) we should set 


(10) 
G= p, =v, &,—— bg = be 
For decay of an antineutron hs A e’t+v,we should write 
b=n, c=, &&=%s=—l, 
(11) 
a=p, d=V, &=—t&=—1. 


In the case of decay in flight of a fully polarized ; muon piaiet +v’+v, we 
must set 


(12) 
dV B= Va op ee 
(v’ is a neutrino, v is an antineutrino) and, accordingly 
ag ee C= 65) Eo = & = —l, 
(13) 
a=v,d=v, t4=—&=1 


(v is an antineutrino, v - a neutrino). For "ordinary particles (n, p, p, é&,...) 
we ape é, = 1, while for antiparticles (n, DP, re), SA we have the negative value 
Eq = “Le 
3. First let us consider B-decay of a polarized neutron at rest (kn —>0) tak- 
aa ote vat proton recoil (k,= 0). According to (10) and (9), from Eq. (8) we 
ave for e square of the matrix element after summing over the longit 
states of the recoil proton amis 


D | Mae f= E (4+ Booth) {1 + Be (x2?) — se (Bess + 5: (K2k2))) + 


8,p=+1 


+ % 8 (1 — Bopni) {3 — Be(K2K2) + 25 (Sak2) — 28,52 (Sqk®) 
+e (5 (leek?) + 2 (Sake) — 28, (Sn k2) — 3B¢83)) ++ 
+ Fob {(t +1) (Bes; (Snk2) — 1 + se (Bess — (Suk®))) (22) — 
— (£ =n) (Be — ses3) (4 -+ 8; (Snk2)) (k9K9)} + 
+] Bm (5e (Suk?) + Be (Suk9)) — s((snk°) ++ Bo (S,k2))) — 
—  EmeBop (8085 (Sn [k3k°]) — B, (Sn [k2K°])}, (14) 


where S, = s,k), is the neutron spin vector » and 


- 153 - 


Sree Cy it} Cal in nbs ORC es C4uCy, 
mE = [Cv P—|CaP, mE =1(C$C,—Cy Cy) 
v 


k 

hao Dpcotaget on ae 

Sat ee Pe = VA ea Ge 88 Kp (15) 
kp = —k.—k, is the recoil momentun. 


On the assumption that the recoil momentum is small (kp <kop, Bop=ei1), from 
(14) after integration over the solid angle dQ- =—sin@-d6-dgo, of Seay of the 
antineutrino, we obtain the following expression for the angular distribution of 
the decay electrons from a polarized neutron at rest, taking into account the 
longitudinal polarization of the electron, antineutrino and recoil proton: 


AUR SS Ss) Sree ha, {1 — ny AssBe cos 0 + se are cos § — S>Be + 


+ Ns Ges (1 + n) (cos 86 — Bes>) ks — ss (1 — n) (ke ae = hess cos 8) - 
hy eee l(a + n) (Bes; cos 8 — 1) & — (1 — n) (ke = = hss; cos 8) Be}; (16) 


here 
cos 6 = (s,k°), Nya =lCv P+ 3/Ca4 2, 


Vise 1 ao op 
Me aya C1 CAP+ CyCa + CaCy), ne = = (Cv P+ [CaP 


De=hk. and p;=hk; are the momenta of the electron and antineutrino, and mp is 
the proton rest mass. In Eq.(16) the terms s, and s- characterize parity noncon- 
servation in B-decay of a polarized neutron. Summing (16) over longitudinal polar- 
izations of the electron (s,), we obtain the following expression for the angular 
distribution of electrons taking into account recoil: 


W (0) = » W (8; Se, ss) 20, 4 {1 — 7¥4s-B. cos 6— 


Se=+1 
— Ns (Ges } ie + n) (Bes; cos 6 — 1) k- — (1 — n) (he 4. Alles cos 6) Be |. (17) 


Eqs. (14)-(17) enable us to investigate the influence of proton recoil on the 
angular distribution and degree of longitudinal polarization of the decay elec- 
trons from a polarized neutron at rest. The degree of polarization /P(#) of elec- 
trons emitted at angle 9 to the direction of the neutron spin can readily be deter- 
mined from (16) by means of Eq.(13) in Refs.2 & 3. 

If in Eqs.(16) and (17) we neglect proton recoil (Myp— oo), we obtain Eqs. 
(11) and (14) of Ref.2 & 3 for the angular electron distribution. In this case 
the V - A form of interaction with Cy/Cy ~-1.2 and a right-handed antineutrino 
(sc=1) is in good agreement with the results of measurements associated with the 
decay of a polarized neutron2,3,7,8. 

4. Now let us consider muon decay. Invoking (12) and (13), from Eqs.(8) and 
(9) we obtain the following expression for the square of the matrix element of de- 
cay in flight of a fully polarized muon, taking into account the longitudinal 
polarization of the particles formed: 


| Myel®= E (1 — Bosess) (1+ svrsuBy) (1+ soswn) (2 + 84 (4 — sy8w) (Suk) — 
— (LE sus) (KK) + se [CL + sysv-) CL — (1e0.89)) (Syp0) + 


A sy (1 — S98") (Sv (Spkv) — 1) (keky)]}5 (18) 
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here A, = and s,=s,k, are the velocity and spin vector of the p-meson; if the 


u-meson is polarized in the direction of motion s, = 1, while a it is polarized 
in the opposite direction s, = -l. Recent experimental results apparently indi- 
cate that u--mesons appearing in the decay of x7~-mesons are polarized in meer. 
tion of their motion (s:-= 1). If in agreement with the theory of B-decay ’ , 
the neutrino and antineutrino emitted in decay of ut-mesons are, respectively, 
left-hand and right-hand polarized, then in (18) for y—e decay we must take s, = 
= land s, = -1 (v = antineutrino, v’= neutrino), while in u*—+>e*t decay we must set 
s, = -l and sy = 1 (v = neutrino, vw’ = antineutrino). 

Then from (18) we obtain 


Mye P= —E(1—n) (1 F Busy) (1 F Bese) (A = (suk)) (1 se (kek); (19) 
| i 


here and below the upper sign pertains to decay of a u~-meson, while the lower 
sign to decay of a ut-meson; the momentum of one neutrino is readily eliminated 
by means of conservation laws: 

i fea Te eg ets: 


fe ey ye epek 


For a polarized p7-meson at rest (8, = 0) and for high energy electrons (8. = 1) 
Eq. (19) becomes 


k ve -(s,k°, 
pM iel?= E(1—n) (44 s-) (48, (kek?) Gi Selo tel 8) | (20) 
je e v 

Let us determine the helicity of »p*—e* decay electrons and positrons. As 
will be evident from (20), for values of the parameter 7) = -1 for which Cy = 
= —C,=G,, the square of the matrix element |M,,.|? is nonzero only with s, = 
= -l (u7-decay) and with s,= 1 (ut-decay). Consequently, high energy electrons 
in w--decay must be polarized opposite to the direction of their motion (s,.-= -1), 
while the high energy positrons emitted in ut-decay must be polarized in their di- 
rection of motion (s+= 1). The presence of the factor (1+s,) in (20) shows that 
the high energy electrons and positrons appearing in the decay of unpolarized u*- 
-mesons will also be fully longitudinally polarized (s:-- = -1 and s,. = 1). 

Such polarization of the electrons and positrons in wu*-decay is in agreement 
with the results of measurements. Recently the polarization of electrons and 
neutrons from muon decay was measured by determining the circular polarization 
of their bremsstrahlung by the method of absorption in magnetized ironl3,14, Lt 
was found that the electron has negative helicity (s.- = -1), while the positron 
has positive helicity (s+ = 1). 

From Eqs.(20) and (6) we obtain the following formula for the distribution 
of the longitudinally polarized electrons forming in the decay of a longitudinal- 
ly polarized jwt-meson at rest: 


k® 22dxdQ 
dW (8, se) = “3B Ono § (1 — n) (8 — 22) = 
+ (2x — 1) cos 8 + se [(2x — 1) cos 6 F (3 — 2z)]}, (21) 


here 6 is the angle between the muon spin and the electron momentum: 


cos 8 = s, (ko ke) = (sk), 


’ Cop. = 
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Equation (8) deduced above can also be used for investigating the spin and 


angular correlations in lepton decay in flight of a fully longitudinally polar- 


ized strange particle (A° -+p+t+e-+¥, etc.). 
I am grateful to A,A.Sokolov for valuable discussions. 


Physics Faculty, 
Moscow State University 


References 


1. A.Sokolov & B.,Kerimov, Ann.Phys. (DDR), 7, 46 (1958). 
2. B.Kerimov, Izv.AN SSSR, Ser.fiz., 23, 924 (1959). (Trans.Bulletin, 23, 911). 
3. B.Kerimov, Izv.vyssh.uchebn.zaved. Fizika (Bulletin of Higher Schools - 
Physics) , No.4, 111 (1959); Nauchn doklvyssh shkoly, Fiz.-mat.nauki (Transactions 
of Higher Schools, Phys.-Math.Sciences) , No.5, 151 (1958). 
4, A.Sokolov, Nucl.Phys., 9, 420 (1959). 
5. A.Sokolov, Vvedenie v kvantovuyu elektrodinamiku (Introduction to quantum 
electrodynamics), M., 1958. 
6. A.Sokolov, Nuovo cimento, 7, 240 (1958); Zhur.eksp.i teor.fiz., 33, 794 
(1957). (Trans.Soviet Physics - JETP.) 
7. A.Sosnovskii, P.Spivak and others, Zhur.eksp.i teor.fiz., 35, 1059 (1958). 
(Trans.Soviet Physics - JETP.) 
8. M.Burgy, V.Krohn, T.Novey, G.Ringo & V.Telegdi, Phys.Rev., 110, 1214 
(1958); Phys.Rev.Letters, 1, 324 (1958). 
9. W.A.Love, S.Marder, I.Nadelhaft, R.T.Siegel & A.E,Taylor, Phys.Rev.Letters, 
2 eeto7 (1959). 
10. J.Marklund & L.A.Page, Nucl.Phys., 9, 88 (1958). 
11. M.Goldhaber, L.Grodzins & A.W.Sunyar, Phys.Rev., 109, 1015 (1958). 
12. R.Feynman & M.Gell-Mann, Phys.Rev., 109, 193 (1958). 
13. P.C.Macq, K.M.Crowe & R.P.Haddock, Phys.Rev., 112, 2061 (1958). 
14. G.Culligan, S.G.F.Frank & J.R.Holt, Proc.Phys., Soc.A73, 169 (1959). 


- 156 - 


ELECTRON-POSITRON CORRELATION IN PAIR PRODUCTION BY A POLARIZED PHOTON 
- B.K.Kerimov & I.M. Nadzhafov 


1. In recent years there has been increased interest in investigation of the 
polarization properties of particles evinced in processes due to electromagnetic 
interactions. A number of authors!7° have calculated the differential cross sec- 
tions for bremsstrahlung and electron-positron pair production by photons, taking 
into account the polarization of the particles involved. Of greatest interest, 
however, from the standpoint of comparison with experimental results are the inte- 
gral cross sections for these effects. 

In the present work we deduce the integrated (over all angles) cross sections 
for pair formation by photons and bremsstrahlung by electrons in the field of the 
nucleus for fixed longitudinal polarizations of all the particles participating 
in the process. 

2. In the Born approximation the cross section for pair formation taking in- 
to account the longitudinal polarization of the electron, positron and incident 
photon, integrated over the solid angles of emission of the electron (dQ. = 
= sin@d6dqg_) and the positron (dQ, =sin6,d0,dp,) is of the form 


1 : 
ASis,s- (ES, Pe) = \ dQ, \ ASjs,6_ (6,, 0_) dQ = es dopy (E,, aS 
4 Zig? SPHEEs (5,5 gy (Ey, E) — 18,92 (Ey, B_-) — 18-95 (E,, E))s q) 
24 


here s, = +1 and s_ = +1 are the eigenvalues of the projection operator 6.Pi/p, 
characterizing the longitudinal polarization of the electron and positron spins®, 
for s,=1 (s_ = 1) the spin of the positron (electron) is aligned with its momen- 


tum, while for s,= -1 (s_= -1) the spin is directed opposite to the momentum. 
The quantity / = +1 defines the circular polarization of the incident photon; 1 = 
= 1 corresponds to a photon with right-handed polarization, while /7 = -1 corre- 


sponds to left-handed polarization. FH, and p+ are the total energies and momenta 
of the positron and electron, respectively; e,=H#,+ E_is the energy of the inci- 
dent photon. The functions q;(£,, H_) entering into (1), are very complicated and 
hence we shall not write them out here. 

The deduced pair production cross section (1) is a generalization of the 
familiar Bethe-Heitler cross section dopy (H,, H_) taking into account the e7, er 
and ee* spin correlations (terms ls\, ls, and s,s.) due to longitudinal polarization 
of the electron and positron of the produced pair and the incident photon, 

In the case of extreme relativistic energies, when ¢,, E> my c3, Eq. .(1)2 is 
simplified and for the energy distribution of longitudinally polarized positron- 
electron pairs we obtain the simpler formula 


dove (Eat Beles os (In mee —>) (Ee 4 Bt 2 EE.) = 
—$,S_ Sfee), —E,)? +s, ey (E,— = E ) + Is_e, (E_— +, : (2) 
where 
@= 2 ra, ro= —, 
eee coke 
Tic 137 


Upon averaging over the polarizations of the incident photon and summing over 
the longitudinal polarizations of the electron and positron Eq.(2) becomes the 
familiar Bethe-Heitler formula for the extreme relativistic case when all ener- 
gies are large compared with the rest energy of the electron (Eq. (26.9) in Ref.7). 
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The integral cross section for production of longitudinally polarized pairs 
‘averaged over two polarizations of the photon is 


TOE ee ee. eee es 
Say2 (Ey, B= 9S (fa | (E+E +420 ) —s,s 7(E—E,. (3) 


Y 


From Eq.(3) for the relative probabilities of production of pairs in states 


with spin correlations s,s = 1 and S,S_ = -1, we have 
dW, = {OS )yo—=1 2 ey 
Chad ae ls co 3E% + 3H2 4+ 2F BE ’ 
nies pel en pape EEE) (4) 
{o},,¢—1 1 (25),,, 38243824 08,8 | 
It follows from Eq.(4) that at ultrarelativistic energies the relative proba- 
bility for pair formation in the state with s,s =— 1 (dW,), corresponding to a posi- 
tron and electron with antiparallel longitudinal polarizations (s,=—s_) is great- 


er than the relative probability for pair formation in the state with s,s _=1 (dW,) 
corresponding to a positron and electron with polarizations in the same direction 


($,=!5)). If the energy of the incident photon is symmetrically distributed between 
the electron and positron 


y 


then 
dW, = dW, . 


By means of the substitutions H,>— FE, E—E’, e,-~—e#,, s,>s, s-—s’ and 
/+—1 from (2) we obtain the following expression for the integral cross section 
for circularly polarized bremsstrahlung (/ = +1) from a longitudinally polarized 
(s = +1) ultrarelativistic electron taking into account the longitudinal polariza- 
tion of the last in the final state (s’= +1): 


= Ed ( ape 
doe (E, E') = 9 ——~ (1 ee ity & 


Ee, Te mye 2 
Pee ee ee ee pee aay 5 
x{ (Fe Se 5) 88 ag tS ae ES —— ae 5) 


here E =cp and E’=cp’ are the kinetic energies of the electron before and after 

emission of the bremsstrahlung, and ¢, is the energy of the emitted photon. If 

we average Eq.(5) over the longitudinal polarizations of the initial electron and 

sum over the longitudinal polarizations of the emitted photon and the final elec- 

tron, the terms proportional to ss’, /s’ and /s vanish and we obtain the Bethe-Heitler 

cross section for bremsstrahlung emitted by a nonpolarized ultrarelativistic elec- 
tron (see Eq. (25.21) in Ref.7). 

; The authors are grateful to A.A.Sokolov for his constant interest in the work 

and discussion of the results. 
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POLARIZATION ELECTRON-POSITRON CORRELATION IN PAIR PRODUCTION 


TAKING INTO ACCOUNT FINITE NUCLEAR SIZE 
- B.K.Kerimov & F.S.Sadvkhov 


1. The polarization properties of particles involved in bremsstrahlung emis- 
sion by an electron and electron-positron pair production by photons in the Cou- 
lomb field of a point nucleus have been considered in Refs.1-6. At present it 
is of particular interest to investigate the influence of finite nuclear size on 
the polarization and angular correlations in pair production by high-energy pho- 
tons. Experimental and theoretical investigation of the polarization correla- 
tion of the particles, in addition to the angular correlation, in the process of 
pair production in the region of high energies and large angles may yield signi- 
ficant information on the form factor and the root mean square radius of nuclear 
charge distribution. 

In the present work we have found the dependence of the production cross 
section for longitudinally polarized electron-positron pairs on the positron 
emission angle, taking into account the finite size of the nucleus. The deduced 
cross section formula makes it possible to investigate the influence of the ex- 
tent of the nucleus on the angular and longitudinal spin electron-positron corre- 
lations in the process of pair production. 


2. At not very high energies the form factor F (q) of the nuclear charge dis- 
tribution p(r) may be written in the form? 


; Bet sin (qr) ed Si ae roe 

F(q) = 10) ae Anr*dr = 1 — = q?<r?), (1) 
here (7?) is the root mean square radius of charge distribution in the nucleus, 
and Aq =hx—hk,—hk_is the momentum transferred to the nucleus in the process 
of pair production, 

In the Born approximation, we obtain the following expression for the longi- 
tudinally polarized pair production cross section averaged over the polarizations 
of the incident photon and integrated over the electron emission angle (dQ_ = 
= sin§d@dqg_), taking into account the finite size of the nucleus: ; 


dos,s_(8,, <r) dQ, = dQ, \| F (q) Pdol,._(0,, 8.) d2_= 
= do? , (8,) dQ, — np {<r?> Fo (8,) + s,8_ <r?) Fy (8,)} dQ, (2) 


wherein the functions /,(9,) and F,(6,) in the case of high 
article i ey is 
E_>>m,c’) are equal to i See energies (&,, 


eer 


4 3) 2 2 
Fo (8) =a lergech poe pra pee a 
OS Oy. ary 2T 7k. (4 — cos6,) 
“2 wk et rc Le 2 
be Tat 9 ages eo" ke +k | 
Lk,k_ “? 5 (k,— x cos 8, | Se 
‘se 2k_T?, 3 ) si 2k,k_ L1—cos 0, ! kb. | > 


1 ~—_ 
¥s(0,) = gear {— +E — Bk) + 2 (008 + 2k — hk) 
came + 


Ty2 


2h, ke «Pk? #2 we 
+E + T? cos On) iaseaa th + x Lp ae Tm (k,— x cos 6,) — 
ms onl Lanes Bue pay) Dee tate t 
[hi (Kh) +(R+K) =i], (3) 


and 
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Qk_ jean g8 
=> —— hopes = 
“= 2ln iy © é° = In i ee Ly = 2 In tek 


Xk ” 
TC op Ae Z?a8 ky k_dk fe 
p =|*— al lip caren te eke ee 


: Here E,—chk, is the kinetic energy of the positron and EH =chk_ is the kin- 
etic energy of the electron in the extreme relativistic case, &=—chx=—EH,+HE_ is 


the energy of the incident photon, ky = is the electron rest mass, and dQ,= 


7 = 


sin§,d0,dp, is the solid angle positron emission; the quantities s_= +1 and s, = 


= +1 determine the projection of the electron and positron spins in the direction 
(+1) and opposite to the direction (-1) of their momenta (see Refs.2 & 8). For 
s_= 1 (s,= 1) we have a right-hand polarized (spin parallel to the momentum) , 
while for s_= -1 (s, = -1) a left-hand polarized (spin antiparallel to the momen- 
tum) electron (positron). doz,._(8,) is the average over polarizations of the inci- 
dent photon cross section for pair production on a point nucleus taking into ac- 
count the longitudinal polarization of the produced electron and positron. The 
terms <r°> describe the effect of finite size of the nucleus on the spin (s,s F;) 
and angular (/,) electron-positron correlations. The presence in Eq.(2) of the 
spin correlation term s,s_ indicates that even a nonpolarized photon of high ener- 
gy may produce a pair consisting of a longitudinally polarized electron and posi- 
tron. The electron and positron may have longitudinal polarizations in the same 
direction (s,= s_, s,s_=1) or in opposite (s,=—s_, s,s=—41) directions. Eq. (2) 
enables us in the general case to investigate the influence of the root mean square 
radius <r*> of the nucleus on the angular distribution of the longitudinally polar- 
ized electron-positron pairs formed by nonpolarized high energy photons. 

Thus, Eq.(2) is a generalization of the familiar Bethe-Heitler equation for 
pair production taking into account longitudinal spin correlation (s,s_= +1) be- 
tween the electron and positron and finite nuclear size. 

Suming Eq.(2) over the longitudinal polarizations of the electron and posi- 
tron of the produced pair we obtain 


ds(8,, <>) dQ,=dspy (0,)dQ, — 4np<r?> Fy (0,) dQ, (5) 


here dsop_y (8,) is the Bethe-Heitler production cross section for a nonpolarized 
pair on a point nucleus (see Ref.9), while the second term is the correction to 
the nonpolarized pair production cross section connected with taking into account 
the finite size of the nucleus. 

We desire to thank A.A.Sokolov for his constant interest in the work. 
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STRUCTURE OF LIGHT NUCLET* 
- V.V.Balashov, V.G.Neudachin & Yu.F. Smirnov 


In the present 


report we shall discuss only two aspects of d ibi 
properties of light y p escribing the 


: nuclei, aspects which, in our opinion, are the most important 
and interesting: we shall consider use of the modern shell model for calculating 
the characteristics of the ground and low-lying states in nuclei and the question 


of correspondence of different models of light nuclei, the understanding of which 
has greatly advanced in recent years. 


1. Many-particle Aspects of the Shell Theory 


At present the shell model is extensively and successfully employed for cal- 
culating energy spectra, momenta, transitions probabilities and other properties 
of nuclei. Proposed initially for interpretation of the magic numbers and intend- 
ed only for explanation of the "single-particle" spectrum, this model has under- 
gone substantial modifications in recent years. In its modern form the shell 
model has increasingly become a model taking into account the distinctively many- 
particle properties of nuclear structure. As for the specific concepts of its 
first, simple version (independent particle model) , such as the Weisskopf units 
for electromagnetic transitions and the Wigner single-particle limit for reduced 
nucleon widths, the range of their application is extremely limited; these com- 
cepts, in the main, have retained only the role of a physical scale for measur- 
ing the corresponding quantities. 

According to the shell model, the main part of the nucleon-nucleon interac- 
tion in the nucleus is taken into account by introduction of a mean single- 
particle potential. However, this mean potential, the form of which determines 
the sequence of filling of the shells, does not comprise the entire interaction. 
The rest is the so-called “effective interaction", which removes the degeneracy 
of the levels with respect to the total momentum J/ of all the nucleons and the 
isotopic spin 7, peculiar to the independent particle model. On the basis of the 
same considerations, it may be assumed! that the effective interaction is appar- 
ently less singular than the true interaction of the nucleons inasmuch as all 
fluctuations are averaged out. From this it can, apparently, be concluded that 
the shell model must correctly give the probability of finding two nucleons at 
a great distance (of the order of 2-10-13 cm). As for the correlation of nucle- 
ons at small distances, it is usually assumed that inasmuch as the nucleon ener- 
gies in the nucleus are small, these correlations only weakly affect the shape 
of the spectra and in individual cases can be taken into account in the form of 
corrections to the model. 

In the present review we shall leave aside the questions of theoretical 
justification of the shell model, in particular, questions on the correspondence 
of the effective and true interactions, self-consistence and the like. We con- 
sider the shell model as a semi-empirical method, as a working tool with the aid 
of which one can successfully explain many experimental data and make certain 
3 predictions regarding low-lying nuclear levels. This viewpoint is consistent 
with the actual situation of this model among other nuclear models and correctly 
reflects its evaluation by the authors of numerous investigations in which the 
- ghell model is used for specific calculations. This view is also supported by 
the fact that all the principal inferences drawn on the basis of this model are 
found to be in excellent agreement with experiment. 


*This review was presented at the Tenth All-Union Conference on Nuclear 
Spectroscopy, Moscow, 1960. 
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There are commonly distinguished two types of configuration mixing due to 
effective nucleon interaction. 

The first type of mixing is connected with excitation of individual nucle- 
ons to higher shell states, differing from the ground state as regards the prin- 
cipal quantum number. Configurations corresponding to such excitations are usual- 
ly called "higher configurations". Calculations carried out with a specific po- 
tential show that the admixture of higher configurations in the first approxima- 
tion of perturbation theory is very small; it must be noted, however, that nothing 
is known regarding the convergence of the method of perturbation theory in the 
given case. Thus, neglect of the admixture of higher configurations is essential- 
ly a postulate of the shell model, which again is directly related with the semi- 
empirical character of this model 

The second type of configuration mixing is connected with addition of indi- 
vidual nucleon momenta and spins within shells with a given value of the orbital 
quantum number /.. Under this second type one must also include mixing with re- 
spect to | within the range of the same principal quantum number 7, character- 
istic of oscillator states (for example, 2s —1d mixing). In general the charac- 
ter of the coupling proves to be very complex and the wave functions of states 
with a definite integral of motion represent linear combinations of functions de- 
termined in the limiting cases by LS or jj coupling. 


Construction of wave functions in the shell theory 


In this section we shall touch on some of the elementary questions of the 
formalism of the shell model, in order to introduce the basic concepts and desig- 
nations necessary for further discussion; these concepts and designations are ex- 
tensively used in the original investigations but, unfortunately, have not yet 
been adequately described in the Russian review literature. 

In the shell model theory the state of the nucleons in the nucleus, in addi- 
tion to the usual quantum numbers L (total orbital momentum), § (spin), / (total 
angular momentum), etc., are characterized by specific shell quantum numbers con- 
nected with the properties of the states relative to exchange of the particle co- 
ordinates. Related to these quantum numbers are the peculiarities of the energy 
spectra, the selection rules for reactions and electromagnetic transitions, etc. 
Thus, the simple matter of taking into account the Pauli principle is the pri- 
mary and one of the most important aspects of the shell model. 

LS coupling. 2 The LS coupling approximation is realized when one neglects 
oe spin-orbit interaction of the outer nucleons with the nucleons in the filled 
shells 


Vs= —a > LS ; 
: (1.1) 
as compared with the central pair interaction between nucleons 


V =X V(r). (1.2) 
1<) 


In this case the total orbital momentum L — die and the total spin Sis Dis: 
v 
i i 


ate a any of motion. Additively, they form the total momentum of the nucleon 
system. 
The total wave function of n nucleons must be anti 
Symmetrical with respect 
to exchange of any pair of particle coordinates. It is equal to the patie of 
the orbital function, which depends on the spatial coordinates of each nucleon, 


, variables Yi = {6;, 1}, 
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by the spin-isotopic function, which depends on the generalized spin-isotopic 


which characterize the projection of the ordinary spin <4; 
and the isotopic spin +1; of the nucleon and can obviously assume four Hit ferent 
values: {"/a, “/2}, C/a, — 2}, {— Ye, fs} and {—1/,,—/s}. The property of symmetry 
of the orbital function can be represented by a Young diagram [i] =[4,, A ] 
containing A; cells in the i-th row, for example sided coe 


The function of n particles is symmetrical with respect to the variables in one 
row and antisymmetrical with respect to variables in a column. The symmetry 
properties of the charge-spin function are the opposite; in other words, it can 
be represented by a diagram similar to that above but rotated about the princi- 
pal diagonal. Inasmuch as j7; can assume only four different values, [A] cannot 
have more than four columns. 

The greater the length of the row in Young's diagram, the more complete the 
symmetry of the orbital function; hence functions with the greatest symmetry cor- 
respond to a Young diagram with a maximum number of filled rows, i.e., with the 
maximum number of "fours". 

Thus the functions characterizing the state of n nucleons in the / shell 
will be written in for form 


ee ALT Ne ae Fa) (13) 


The introduction of Young's diagram [i] for classification of states in the 
LS coupling approximation is a generalization of the Russel-Saunders coupling 
scheme for the atom. There are, however, substantial differences between these 
two cases. 

First, whereas in the atom [A] is uniquely determined by the spin S, in the 
nucleus there may correspond to the same values of the spin S and isotopic spin 
T different [A], and vice versa. 

The second difference is connected with the attributes of interaction. The 
interaction of electrons in an atom is repulsion. Hence in an atom the ground 
state has the lowest orbital symmetry, i.e., has the greatest spin and the great- 
est L (Hund's rule). In a nucleus, the major part of the effective interaction 
is attraction. Hence here the ground state has the maximum orbital symmetry and 
the lowest value of ZL. Thus the ground state function in the nucleus in the LS 
coupling scheme is characterized by Young's diagram with a maximum number of 
"fours. 

In the general case of central interaction containing different exchange 
terms, Young's diagram is not a good quantum number. However, if we restrict 
the consideration to only Wigner and Majorana forces that are independent of the 
spins and isotopic spins, [A] will be a good quantum number owing to orthogonality 
of the charge-spin functions corresponding to different |[)]. 

In this particular case of LS coupling one can speak of the supermultiplet 
structure of the levels (the set of 7’ and 5 corresponding to the given [A] is cal- 
led the Wigner supermultiplet). The levels with different [A] prove to be greatly 
split in energy. Under actual conditions disturbance of the supermultiplet struc- 


ture of the levels is produced both by noncentral, in particular, apnea oe 


ie Aas 


ces, and by central forces that depend on the spins and isotopic spins of the nu- 
cleons (Bartlett-Heisenberg forces). 
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Table 2 


Classification of the ground states of p-shell nuclei in the 
LS and jj coupling limits 


| | ive eosieae Classifica-|Classifi- 
| io ee alee pene ,t floss cation 35- 
ies) coupling coupling - | [coupling coupling 
Heé Bie, Ua eee. Pyle ae Bu 3/o, Ue p43)? P,, ae oe 
He& Om ANG py,:01 Ce 0,0 p®[44] 185 Ps,:00 
Lié 1,0 p{2]:23Sy P:,:10 13 i oe p44t]:2 Py), Py, 4/2 ses 
Li? 3/5, Ye Ps Bae P3, 8/2 Vo NU 10 p [442] :3.Sy py,10 
Bes (),0 pA] :28' P3,:00 Nb Vg, Ny pea, Piya 1/5 
Be? Bipetfe | plat): ean P33 ia 15 zs 0,0 Pp? [444] 3485 P2,P1/,:00 
Be 3,0 p®[42]:13.D3 Ps),:30 


The well known classification of the ground states of p shell nuclei in the 
LS coupling scheme is given in Table l. 

By way of illustration of the selection rules associated with Young's dia- 
gram let us consider the nucleus cl2 (configuration p?). The possible Young dia- 
grams for it are [44], [431], [422] and [332]. In the case of resonance capture of 
a p nucleon by Bll (configuration p’, Young diagram [43]) or absorption of a y- 
ray by C12 there can be excited only states with diagrams [44] and [431], and in 
capture of a deuteron by B19, in addition, [422]. States with diagrams [422] and 
[332] cannot disintegrate with ejection of a nucleon to the lowest lying states 
of B11 or cll with [43], i.e., they will disintegrate only by emission of nucleon 
associations (for example, 1s*- 1p°[332j — 1s*. 1p3[3] + d+). Actually all these 
Young diagram selection rules are not rigorous. 

jj Coupling. 3 jj Coupling is realized in the case when the interaction of 
the nucleons with each other is negligibly small as compared with the spin-orbit 
interaction. In this case the individual momentum ; of the nucleon is an inte- 
gral of motion. Combining with each other, the momenta of the outer nucleons 
form the total nuclear spin. 

According to the theoretical group classification of nuclear states in the 
Jj coupling model, the property of symmetry of the states of 7 particles with re- 
spect to exchange of the particle coordinates is characterized by the diagram 
[A] = [Mu, A2,..] for the spin-orbital part of the function and, accordingly, the 
conjugate (rotated about the principal diagonal) diagram [A*] for the isotopic 
part. Thus, in the given case [\*] may have not more than two rows and the Young 
diagram [A] is uniquely determined by the isotopic spin 7 of the state: Tas T 


and Mee > —T. For example, for = 4: 


ble[a) EA, blz) EQ mo: 
[a}=(207 | EP [a*]=[27] ane T=1; 
eo) A pelele] coco re 


Among the j" states with a given Young diagram [A] (isotopic spin 7) there 
may be states in which part of the nucleons is combined in pairs ("paired") in 


LOO r= 


state with J/=0. For classification of such states in a framework of the JJ 
, coupling model there is introduced an additional quantum number, the seniority 

Ss, equal to the number of unpaired nucleons. If one takes into account the in- 
teraction between nucleons, the state with the maximum number of paired nucleons 
(i.e., with the lowest seniority) proves to be energetically the most advantage- 
ous. Thus in the ground states of odd nuclei, characterized by the configuration 
yn, there are paired all the nucleons except the last odd one: thus the seniority 
of such a state is 1, and the total nuclear momentum J equals the momentum of one 
nucleon 7. 


In the general case the total momentum / of the 7” state with a given 7 and 
S May assume different values. 

Thus the state of ” nucleons having the same individual momentum j is deter- 
mined by the specified values of / and T, their projection on the Z axis and the 
seniority s. The wave function of such a state is written in the form 


ps Ze, Sd) (1.4) 


(the classification of the ground states of p shell nuclei in the jj coupling 
scheme is given in Table 1). 

The question of the precision of the seniority quantum number has been con- 
sidered in the work of Flowers*. This question is intimately connected with the 
question of the accuracy of the jj coupling model, but does not reduce to it 
alone. It has been shown that seniority is a good quantum number in the limit 
of infinitely short range forces (8 interaction). If it is assumed that the 
seniority s is a good quantum number, there appear specific selection rules with 
regard to s, which are evinced in nuclear reactions and radiative transitions in 
nuclei. These rules are essentially the following®: ¢ 

1) In reactions involving pick-up or emission of a / nucleon (initial con- 
figuration j", final configuration /"', or vice versa) As = #1. 

2) In M3 transitions in cases when in the unfilled shells there is only a 
neutron or only a proton characterized by the configuration 7: As = 0. The strong 
retardation, as compared with the single-particle transition probability of the 
M1 transition in yol, corresponding to As = 2 (Ref.6) is connected with general 
forbiddenness of Ml transitions in the configuration );", T=, so that forbidden- 
ness with respect to s does not play any significant role (G.Lipkin, private com- 
munication). 

3) In M3 transitions in the case of a configuration j” formed by neutrons 
and protons, As= 0 or 2; in the case when 7= 0, As = 0. 

More detailed investigation of the symmetry properties of j" states with re- 
- spect to “pairing” leads to additional s selection rules for electromagnetic 
transitions. ¢ 


Application of the shell model to calculation of the 
Application OF: Se ee 
energy spectra of light nuclei 


The actual situation in light nuclei proves to be intermediate between the 
extreme cases of LS and jj coupling. This is due to the fact that neither the 
spin-orbit interaction of the outer nucleons with the nucleons of the filled 
shells nor the pair interaction of the nucleons with each pene is predominant. 
The first calculations of the levels in p shell nuclei, carried out in 1953 
by Inglis®, showed that some information on the sequence of levels in such nuclei 
can be obtained by reasonable extrapolation of the spectra calculated for me om 
treme LS and jj coupling cases into the intermediate region. At the same time 
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became clear that for more detailed determination of the level schemes one must 
know the specific properties of the effective residual interaction between the 
outer nucleons. 

What is the contribution of different exchange terms in this interaction? 
Must one take into account tensor forces? Can one reduce spin-orbit interaction 
of the nucleons to single-particle spin-orbit forces? Despite numerous investi- 
gations and some advances in the field, these questions remain largely unsolved. 

The most fundamental work on the intermediate coupling model to date is that 
of Kurath? in which there were calculated the energy spectra of p shell nuclei. 
The actual approximations made in this work are in all cases identical with the 
approximations of the so-called intermediate coupling model. 

According to this model the interaction of the outer nucleons is described 
by pair central forces and single-particle spin-orbit forces: 


V= y, Ve— ash. Ci 
i<j 1 
The potential V,. of the pair central nucleon interaction is assumed to be the 
same as for free nucleons; its parameters are chosen so as to satisfy the data 
on nucleon-nucleon scattering. In his work Kurath uses the Gaussian potential 
Vie~ e- 2/4 + other authors use the Yukawa potential for /),.. 
Viz contains various exchange terms. The contribution from Wigner, Majorama, 

Bartlett and Heisenberg forces is characterized by coefficients introduced into 
the expression for Viz: 


Vio=(W + MP, + BP, + HPP, V (ry), (1.6) 


where P, and P, are space and spin coordinate exchange operators, respectively. 

Assuming that the central interaction consists of 80% Majorama forces and 
20% Bartlett forces, Kurath calculates the position of levels in nuclei from Li 
to C13 as a function of the parameter a/K, which is a measure of the ratio of the 
amplitude of spin-orbit forces to the Slater integral K, which is proportional 
to the amplitude of Viz. The actual calculations are complicated and require the 
use of a computer. As a result of his computations Kurath obtained good agree- 
ment with experiment as regards the order of the low-lying levels; the actual 
energy values obtained are, however, only approximate. 

A quantitative inference from Kurath's calculations is the growth of the 
amplitude of the spin-orbit interaction a@ with filling of the shells from 1.6 
Mev for Li® to 4.8 Mev for C13, ‘This is indicative of the fact that whereas in 
the lightest nuclei the actual situation is close to the LS coupling limit (thus 
the magnetic and quadrupole moments of Li® virtually coincide with those calcu- 
lated according to the LS model) with increase of the spin-orbit interaction in 
going to larger mass numbers we approach the jj coupling limit. 

The substance of all subsequent investigations in the framework of the inter- 
mediate coupling model1° is essentially refinement of the parameters characteriz- 
ing the pair central interaction. Most of these investigations are devoted to 
Lié and Li’, calculations for which are more simple than calculations for nuclei 
in the middle of the shell. Thus in the work of Soperll on the levels of LiS, by 
means of imposition of a certain addition condition, there are determined the xe 
change parameters of the central potential JW, M,8 and H and the principal inde- 
pendent integrals 1, and K, characterizing the amplitude and radial dependence of 
the potential V(ri2). The levels in Li? calculated on the basis of these results 
are in fairly good agreement with the experimental data. A characteristic of all 
such calculations is complete neglect of noncentral pair interaction. At the 


a ILE = 


same time investigation of such interactions is of undoubted interest. 


g Pair spin-orbit interaction. Noncentral interaction of nucleons is described 
in the framework of the usual intermediate coupling model by single-particle spin- 


orbit forces V,, Bee DIVE, The presence of a single- 
particle Hamiltonian can be due on 
it can be shown! that single- 


particle term in the many- 
ly to averaging of the pair interactions. Thus, 


particle spin-orbit forces appear as a result of 
averaging of pair spin-orbit interactions of the outer nucleon with the nucleons 
of the filled shells: 


ee ea, (712) (SigLy2), (1.7) 


where Si2 and Lj. are the total Spin and orbital momentum of the relative motion 
of two nucleons. Thus in description of nuclei containing one nucleon or one 
hole in the unfilled shell the single-particle and two-particle spin-orbit for- 
ces are simply equivalent. In the general case, however, this equivalence does 
not obtain. In this sense, use of the single-particle potential when the spin- 
orbit interaction of the outer nucleons with the nucleons of the filled shell is 
taken into account while their spin-orbit interaction with each other is rejected 
is inconsistent inasmuch as it does not correspond to any definite physical as- 
sumption regarding the potential. 

The question is: how critical is rejection of this interaction? Calcula- 
tions carried out on the basis of the experimental data for the levels of Lié 
(Ref.12) showed that taking into account the pair spin-orbit interaction between 
the outer nucleons leads to a substantial change in the value of the principal 
parameters describing the central interaction, which, in turn, substantially af- 
fects the position (energy) of calculated levels in other nuclei. 

Tensor forces. The success of the pure’ intermediate coupling model, which 
disregards noncentral forces, naturally suggests that if any tensor forces are 
present in the effective interaction, their magnitude must be very small. At 
the same time it may be hypothesized that in a number of specific cases the role 
of even such "weak" forces may be appreciable. By way of a rather unique fact, 

‘presumably indicating the presence of tensor forces,there has been cited the case 
of the anomalously long lifetime of c14 with respect to B-decay. The long life- 
time of C14 with log ft = 9.03 for a typical allowed transition can be understood 
only by assuming a substantial reduction of the matrix element for this transition. 
Such a reduction can be explained by some sort of "accidental" overlapping of the 
wave functions of the initial and final states. All attempts to obtain such an 
overlapping, however, come up against the necessity of going outside the framework 
of the "pure intermediate coupling model. Then there were introduced tensor for- 
cesl3; this led to agreement with experiment. At first it seemed that the problem 
was solved, but then it was found that the tensor forces introduced in this case 
lead to quantitative divergence with experiment in calculating the properties of 

other nuclei. 7. 

Thus, on the one hand, for solution of the problem of C*“%, one must seek 
other ways and, on the other hand, the actual role of tensor forces remains un- 

clear. . ; 

In addition to taking into account noncentral interactions, there is another 
possibility of going outside the framework of the "pure" intermediate coupling 
model. The requirement of general radial dependence of different exchange terms 


of the central potential 
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is an additional restriction imposed on the central interaction of nucleons, 
which does not follow either from theory or from experiment. It is impossible 
to reject it in the framework of the usual theory, inasmuch as this would lead 
to a great increase in the number of model parameters. It can be done if we go 
from the ordinary to the so-called "shell" concepti2,14, the independent para- 
meters of which are the matrix elements of the potential under consideration 
with respect to the basic model functions. The possibility of such improvement 
of the intermediate coupling model has only been suggested but not explored. The 
first calculations!2 show that the difference between the radial dependences of 
forces of different exchange character may be substantial. 

All improvements of the model connected with extending the class of inter- 
actions require increasing the number of parameters characterizing the interac- 
tion. Very often in such cases the physical meaning of the parameters is com- 
pletely lost in the ensuing complex and cumbersome calculations. Hence it is 
of interest to determine the basic quantities characterizing pair interaction of 
nucleons in the nucleus regardless of the specific form of the potential. This 
approach, which is analogous to the method of phase analysis in scattering, is 
basic to the method of direct determination of the nucleon-nucleon interaction 
Hamiltonian proposed in 1956 by Shirokov, Balashov & Tumanov!4, These authors 
showed that in the case of oscillator functions for introduction of pair, iso- 
topic invariant interaction between the p shell nucleons one must have 12 inde- 
pendent matrix elements ("phases"); (if one rejects the use of oscillator func- 
tions, the number of independent "phases" increases somewhat). No specific as- 
sumptions are made regarding the specific properties of the potential (including 
its exchange character, dependence on spins and velocity, radial dependence, etc.). 
In the framework of the shell description knowledge of the final number of such 
"phases" means "complete" knowledge of the effective interaction of the nucleons 
in the nucleus, sufficient for calculations of the levels and the shell functions 
of nuclei in the given shell. Unfortunately, experimental data on the levels in 
light nuclei now available are inadequate for realizing ‘complete’ determination 
of all the independent "phases". 

In connection with this it is of interest to examine a large group of inves- 
tigations, foremost among which are the works of Talmi et al15, wherein for de- 
scription of the ground and low-lying excited states of light nuclei there are 
also made no particular assumptions regarding the specific properties of pair 
interaction; however, mixing of states with respect to / is not taken into ac- 
count, and the state functions are taken for the jj coupling case. Thus, pair 
interaction, although strong, is considered as a perturbation with respect to the 
spin-orbit interaction, which is considered to be the principal interaction. It 
is surprising that this obviously inconsistent approach leads to excellent agree- 
ment with experiment and satisfactorily explains the energy variation of the 
ground states of nuclei within one shell with a given /. Such calculations have 
been carried out for the 1p:,,, 4px, 2sy,, 1d:),, 1ds),, 1f;,. shells and for the levels of 
py; Shell nuclei, corresponding to excitation of 2sy, States. By way of argument 
against this model, its opponents cite its inadequacy for calculating electromag- 
netic transitions and nuclear moments. The proponents of this model do not deny 
this shortcoming, but assert that the principal problem of theory is reproduction 
of the level spectrum and not derivation of the wave functions. In any case the 
undoubted success of this model justifies taking it seriously. 
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Electromagnetic moments and transitions in light nuclei 


The many-particle character of the modern shell model is evinced, in particu- 
lar, in that the probabilities for electromagnetic transitions, as well as the 
values of the magnetic and quadrupole moments, calculated according to this model 
for odd nuclei differ substantially from the respective single-particle values 
The familiar and sometimes incorrectly invoked circumstance that the “entear are 
netic properties of such nuclei are completely determined by the last odd parti- 
cle are fulfilled only in special cases. The question of when such special cases 
are realized has been fully solved by the modern shell theory. 

For purposes of illustration let us compare the single-particle magnetic mo- 


ments (Schmidt lines) with the values calculated according to the shell model (jj 
coupling) .16 


Table 2 
Comparison of the single-particle magnetic moments (Schmidt lines) with the 
calculated values according to the shell model (jj coupling) 
ee Se eee Se Ee ee eee ae eer es 


Nucl— |Confisu- : =A —| Con fi ieee ae - 
= ration T, J ee Bij muek et To a bij 
Li’ (Py,)® | tay F/2 3,79 | 3,04]| F (Oy) en) 2 eee, (Ounieeas co 
Be? Pe ia esl 0 9 — 1516") Mg? (ds,,)° 1/y, 5/2 —1,91 |—0,64 
(Py) erage 3,79 (ds) 4,79 | 4,79 
Bu (p:3)(Ps),)° i> 8g 3,79 3,04 Ai?? (ds/,)°(51),)? WB 22 4,19 oye 
C13 (Pr) ihe ee 0,64 0,64 |} Gl (d,/,)8 115, 3/5 Onis 0,26 
Ni (eeu farfa) | 0,26 10,261) Cit? Cee BeUa| aoe) | aye 
ou (ds)! | Ya, 5/2 | —1,91 [1,94 |] Sct Ge ate), Maroele.40 


As will be evident from Table 2, except for the trivial cases of one parti- 
cle or one “hole” in the closed shell, the values of y, and 1;; also agree in the 
case of C137, which has three proton "holes" in the d., shell. This is explained 
by the fact that the ground state of /" configurations is characterized by the 
lowest seniority. In the given (d:,)* case, seniority s = 1, i.e., two of the three 
"holes" are "paired" in a state with /= 0. Inasmuch as for two protons the mag- 
netic moment of such a state equals zero, the moment of all (d:,)-* configurations 
equals the magnetic moment of one "hole". At the same time, for example, in C155, 
where the seniority also equals one, there may be paired either two neutrons or 
a neutron with a proton, and, consequently, the magnetic moment of the entire nu- 
cleus does not reduce to the magnetic moment of one d,, neutron. 

At present the experimental data on electromagnetic transitions in light nu- 
clei are extremely scattered and with the exception of a few cases are rather in- 
accurate. However, analysis of these data from the standpoint of the intermedi- 
ate coupling eae it7 allows of drawing the following conclusions. 

1) The probabilities for Ml transitions (as well as the values of the magnet- 
ic dipole moments) can be explained by the modern shell model. In any case the 
level of approximation is fully equal to the level of accuracy in the experimental 
data. By way of weighty substantiation one can cite the analysis by Lanel8 of 
C13 and N13, where for one and the same value of the intermediate coupling para- 
meter there are explained the positions of the levei with / = 3/2~, the value of 
the magnetic moment of C13, the intensity of the magnetic dipole transition in 
N13, the ft value of N13»¢c13 B-decay, and the reduced width of the 3/27 level in 


n13, 
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2) Generally the shell model yields underestimates of the matrix elements 
of E2 transitions and of the quadrupole moments. 

Inasmuch as detailed experimental investigation of electromagnetic transi- 
tions in light nuclei is a problem for the future, at present it is important to 
bear in mind the principal qualitative peculiarities of such transitions, which 
may serve as a guide in planning experiments. 

Ml transitions. In 1958 Morpurgol9 formulated selection rules for Ml tran- 
sitions in nuclei with Z = N. Analysis showed that transitions between states 
with isotopic spin 7 = O are retarded by a factor of about 100 relative to tran- 
sitions occurring with change of the isotopic spin. This rule is reminiscent of 
the familiar selection rule for electric dipole transitions according to which 
El transitions in nuclei with Z = N are strongly forbidden if the isotopic spins 
of the initial and final states are zero (in this case the dipole moment operator 
is simply proportional to the total momentum of the nucleus). In the case of Ml 
transitions the selection rule is approximate and apparently due to "fortuitous" 
variation of the numerical values of the anomalous magnetic moments of the pro- 
ton and neutron. 

The probability for an Ml transition between states a and ) in a nucleus is 
proportional to the square of the following matrix element: 


M =<a . b», (1.9) 


Li Z 

> 4 > 
2 ly Spee Devas: 
i=l] i 


it i=Z+1 


where Lis the orbital momentum and so is the spin of the nucleon, and ui, and Un 
are the magnetic moments of the proton and neutron, respectively. Expressing 
the nucleon charge in terms of projection of the isotopic spin t® (for a proton 
tT; = 1, for a neutron 13 = -1) 


ep = eee Oe (1.10) 


“ 


one can in all three sums extend the summation from 1 to A: 
A 
Wee 1 + Ts (7) > 143 (i > {— i 
M=Ca >) {Li sas Upsi fee phe, ae b». Gan 


— 2 J 

1=1 
In Lin =A) Ty =O transitions there is involved only the scalar part, with respect 
to isotopic spin, of the operator, and accordingly, the matrix element is of the 


form 
M’=—<a 


Utilizing the fact that the matrix element of the total nuclear momentum operator 


A 
D) (Li + (tp + bn) oi} | 8 
1=1 


by (1.12) 


A 

> {| ee? 

F=y {i+ 5 a4 for orthogonal states a and b equals zero, we obtain 
11 


Ata! 1 = 
M = 7 (te +un— F)<a|¥ Si 
Ol 
Inserting the numerical values of u, and ,, we finally obtain 


u’ = 0.19 a>) 3:[b>. (1.14) 
i=1 


At the same time the matrix element of the transition occurring with change of 7 
associated with the vector part, with respect to the isotopic spin, of the operas 
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tor, is roughly proportional to Se PSG ies 2.35. Thus we obtain 
M(T,=0—-T,=0) 2 


= == 0,65 1.072, 
M (AT =1) 

The value of Morpurgo's rule is that it is not connected with any specific 
nuclear model and is based only on the property of isotopic invariance of nuclear 
forces. 

E2 transitions. The above mentioned speeding up of E2 transitions and in- 
crease of the quadrupole moments given by experiment as compared with the values 
calculated on the basis of the shell model is usually attributed to collective 
motions in the nucleus. This effect was taken into account in the case of 017 py 
introduction of an additional effective nucleon charge e’= ae, connected with ex- 
citation of collective quadrupole oscillations in the nucleus.20 fhe 017 nucle- 
us contains one neutron outside the filled shell corresponding to 016, By set- 
ting ~~0.6 it proved feasible to explain the anomalously high value of the pro- 
bability of the 2s, —1d,,E2 transition and the magnitude of the electric quadru- 
pole moment of 017 in the ground state. 

The appearance of an effective charge on the neutron owing to excitation of 
quadrupole oscillations of the core can be understood in the framework of the 
unified Bohr-Mottelson model21 in the weak nucleon-nuclear surface coupling ap- 
proximation. It is significant that this additional effective charge is the 
same for the proton and the neutron, i.e., the corresponding quadrupole transi- 
tion operator contains only a scalar component with respect to the isotopic spin. 
Hence in transitions with change of isotopic spin these collective effects must 
be excluded and, consequently, it may be assumed that the shell model will give 
correct (with the same accuracy as for Ml transitions) values of the probabili- 
ties for such E2 transitions. 22 

Unfortunately, check of this rule for light nuclei is possible only ina 
small number of cases. Actually, experimental data are available only for one 
case: only the probability of the E2 transition from the 16.1 Mev, /= 2+, T=1 
levelin C12 to the ground state is known. Calculation of the probability for 
this transition on the basis of the shell model led to agreement with the experi- 
mental results. 22 


2. Alpha-Association and the Shell Model 


Investigations carried out in recent years have shown that the Q-model and 
the shell model are much closer than was assumed earlier. In any case, they are 
not mutually exclusive. For example, under certain conditions the wave functions 


for the two models are identical. 
For the case of oscillator wave functions of the shell model it can readily 
be shown23-25 that in the LS case, for example, the wave function for the lowest 


levels of Be® 
pe = list] pt Tale 5 = ') sl eed)>, (2.1) 


Ss 


where [\] = 4 (greatest possible symmetry of the orbital part of the wave func- 
tion as a necessary condition) is identical with the Q-model wave function. For 


L= 0 this Q-particle wave function is of the form 


Atba,ta? (Ra, — Ra): (2.2) 
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where  p,, and ‘%p., are the internal wave functions of the Q-particle and 


9 (Ra, — Be.) = (Ra, — Rg)" xP | Pay oes i (2.3) 
The role of operator A (antisymmetrizator) is very significant, and without it 
there would be no agreement of the wave functions, inasmuch as in the given case 
the "internal dimensions" of the Q-association and the mean separation between 
the Q-particles are close. 

Analogously the shell model wave functions for the low-lying states of Lié 
with Young's diagram [2] can be written in terms of the wave functions of the Q- 
particle and deuteron. The wave function of 016 can be expressed in terms of 
the wave functions of two Be® nuclei, etc. If one does not use oscillator wave 
functions, qualitatively the picture remains the same. Thus if in a real nucleus 
the separation between the Q-particles is close to the size of the particles, 
taking into account antisymmetrization, which is essential in this case, yields 
an Q-model wave function close to the shell model wave function. 

An undoubted advantage of the Q-model is that in it there can naturally be 
taken into account the spatial correlations of four nucleons in the S state of 
relative motion. These correlations are in principle very important, as is indi- 
cated by the high binding energy of Q-particles. In the shell theory for this 
one must use a number of admixtures of higher configurations, whereas in the Q- 
model the four-particle correlation can be taken into account if the "internal 
dimension" parameter of Q-association is not related beforehand with the magni- 
tude of the mean separation between the Q-particles in the nucleus. It is dif- 
ficult at present to say to what extent use of the ‘conventional” Q-model is 
justified. Despite the great success of the model in explaining, for example, 
the level diagram of 015 (Ref.26), the formal condition for applicability of the 
Q-model ("dimensions'' of Q-association much smaller than the mean separation be- 
tween the levels) is not fulfilled in this case. Investigation of the structure 
of the wave functions of the excited levels of C12 and 016 by means of (p,p'), 
(d,n), (@,@'), (He3,p) and similar reactions can be helpful in answering the ques- 
tion of the value and validity of the Q-model. 

In the light of comparison of the two nuclear models let us consider the 
question of the binding energy of light nuclei. The assertion that the strong 
dependence of the binding energy of light nuclei on the number of nucleons (qQ- 
nuclei have particularly strong binding) is evidence in favor of the Q-model 
(see, for example, Mamasakhlisov27) is actually not quite accurate inasmuch as 
the shell model leads to the same results. In the shell model, particularly in 
the case of LS coupling, Q-nuclei have the greatest binding energy, inasmuch as 
all the nucleons are broken up into groups of four, in each of which the nucleons 
are in the S state of mutual motion, i.e., interact most strongly. The identity 
of Eqs.(2.1) and (2.2) illustrates this. Thus the general shape of the binding 
energy curve and its close periodicity with respect to "fours" are a rough charac- 
terization of the structure of the nucleus, which does not allow of giving prefer- 
ence to either one of the models. 

It must be noted that having accepted Q-association in the shell model nu- 
cleus for purposes of analysis, in addition to the above formal comparison of the 
pee we are enabled to calculate the reduced widths for Q-particles, tritons, 

The method of calculation is the following.28 Let there be given the state 
|s*, 1p" [AILST >, where [A] is Young's diagram. By algebraic methods with the aid 
SL SE toate coefficients we separate the wave function of the four particles 
|1p*l4] 5S =0 7 =0)>, so that the wave function of the Q-particles is of the form 


cdl FoPiAt Pre 


4 == — a \ 
(S142 05S 0 T—0>..ana require that the function of the separated four parti- 


cles have the same ‘internal" quantum numbers as the Q-particle function, i.e., 


[A] = [4]S =0 T=0). Further, we perform linear transformation of the coordin- 


ates in the wave function |1p*/4],LS=0 T= 0), separating the motion of the center 


of mass of the four particles from their internal motion. This can be done rigor- 
ously only for oscillator wave functions. The wave function 1 p44) S=0: 7 =10>, 
thus is written as the sum of a number of terms corresponding to internal states 
with different orbital momenta. Of interest to us will be the coefficient at the 
term containing the wave function of the ground state of the Q-particle, i.e. 

when the orbital momentum of internal motion A = 0. Thus the expression for ae 
reduced width contains, in particular, two factors: a genealogical coefficient 
for separating the four particles in the state [1p1[4] LS =0 T =O) and a coeffi- 
cient indicating the relative weight in this state of the ground state of the 
internal motion of the Q-particle. 

Calculation of the reduced width by this method for Bee , Li’ (emission of a 
triton) and 11° as might have been expected, yielded reduced widths close to the 
Wigner limit. This method can also be used in calculating direct nuclear reac- 
tions. For example, let us take the 016(y, pt)c12 reaction at E.~80 Mev. Here 
one of the 016 q-particles is split by the y-ray into t + p. The cross section 
for the reaction with formation of C12 in a certain state is equal to the cross 
section for the (y,pt) reaction of an Q-particle multiplied by a coefficient 
which might be called "the effective number of Q-particles". Calculations for 
the OF, 2+ and 4+ levels of C12 yield values of 8/27, 40/27 and 72/27, respec- 
tively, for the “effective number of Q-particles”. 


3. Collective Motion and the Shell Model 


In their respective simple forms the collective model and the shell model 
are very different. One is based on the concept of a rotating nonspherical body, 
the other on the concept of a single nucleon moving in a spherical symmetrical 
potential well. The fact that these simple versions had only limited success led 
to the creation of more complex variants. Thus in 1955, Nilsson29 introduced the 
concept of single-particle states of the nucleons in a deformed potential, which 
rotates adiabatically. Other investigators introduced into the shell model, as 
noted above, pair interaction of the outer nucleons and took into account mixing 
of configurations with close energy, as was done, in the calculations of Elliott 
& Flowers2° for F19. To what extent these more complex model versions differ (or 
are similar) was not clear until recently. Obviously, if in the framework of the 
shell model one takes into account the admixture of many higher configurations, 
then by means of this more complete system of functions one can describe collec- 
tive motion. Another point is of interest: can the collective aspects of motion 
be described by means of the usual calculations of shell theory taking into ac- 
count mixing of only very close configurations (for example, 2s and 1d)? It was 


found that this is the case, inasmuch as use of both models for analysis of the 


properties of a number of light nuclei yielded equally good results. 

We have already spoken above regarding use of the intermediate coupling mod- 
el for analysis of the properties of nuclei up to F19, For nuclei heavier than 
Ne29 the calculations become extremely cumbersome, inasmuch as the number of mix- 
ing states increases rapidly. Nevertheless, it was established for Mg24 that the 
level spectrum is close to rotational. Further, very successful was application 


of the Nilsson model to analysis of the experimental data for the neighboring 
-Mg25 and A125 nuclei.30 For these nuclei the quantum numbers of more than ten 


levels are known and they are well described by 4 series of rotational bands cor- 
responding to different values of K (K is the projection of the total angular 
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momentum on the nuclear symmetry axis). Nilsson's model correctly predicts the 
values of K and the K-selection rules given by Nilsson are consistent with the 
experimental data on transitions. This model was also successfully used by Paul 
for F19 and even for p shell nuclei32, where the shell model theory proved to be 
highly successful (see Section 1). The reasons for this success of the Nilsson 
model were brought out recently in a number of investigations, in particular, in 
the work of Elliott33, Moszkowski34 and others. 

These authors attempted to describe the deformation and rotation of nuclei 
as a result of residual interaction between the nucleons. It has long been known 
(Ref.35) that for forces that are independent of the spin, the level energy of the 
1p" configuration in the LS coupling limit with a given Young diagram [A] is de- 
scribed by the rotational formula /(L +1). This situation obtains, for example, 
in Be8 (lowest levels O+, 2+, 4+). In heavier nuclei the rotational structure of 
the levels is less clearly pronounced inasmuch as it is disturbed by spin-orbit 
interaction. It should be noted that these rotational bands, in contrast to the 
bands of the usual collective model, are cut off at a certain L,;,. 

For other shells arbitrary forces independent of spin no longer give precise 
rotational bands, but the regular level sequence obtains. One may ask whether 
for some specific forces there will be realizes a regular rotational structure? 
On the whole, the question of the relation between deformation and, consequently, 
rotation of nuclei and the residual interaction remains complicated and unclear.* 
At present only simple interactions have been investigated. Thus Elliott33, who 
pioneered in this field, using the methods of group theory considered the 2s and 
1d shells, the energies of which agree with the oscillator potential. He showed 
that if one neglects the admixture of higher configurations, quadrupole-quadru- 
pole interaction of the form 


4 2 « 
V aq (rx) = — = € 2 7173 Yom (8, ) Yam (8292) bey 


leads to mixing of the degenerate 2s' and 1d states and that the eigenfunctions 
obtained as a result yield a rotational level spectrum. Analysis of the work of 
Elliott would require extensive use of group theory, and we shall not carry it 
out here. We shall cite only a few illustrations from the work of Moszkowski34 
whose results are generally equivalent to those of Elliott. ‘ 

The fact that forces of the QQ type produce deformation of the nucleus is 
evident from the following example. Let us consider the interaction of nucleons 
on the nuclear surface 


pa. le =. 4 _* 
Vir 2 C8 (ri Ry) 5 (7, = Ry) = Yom (Q;) Yon (Q,.). (3.2) 
Assume that the nucleons at every given instant are in single-particle states 
(for simplicity we disregard the Pauli principle): 


PCL, 2,.. 5m) = tpy (1) the (2), .. . tpn (nm). 


Let us determine the external potential, in addition to the average field, act- 
ing on the i-th particle. To this end we must average V;, over the states of 
the other nucleons; as a result we obtain 


4 
— DF C8 (ri — Ry) Vam (2) CB 8 (ra — Ry) Vim (Qi), (3.3) 


ket 
where the term in the brackets is the averaged value of the operator. 
On the other hand, in the collective model with quadrupole deformation of 
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the nucleus 


RG, 9) = Rol 1 + Dy aamYam (0, »)| 


m 


the nucleons, in a potential well of depth V, and radius R,, undergo an addition- 
al interaction with the nuclear surface of the form 


ea > V Ryda (ri a Ry) Von (O:@;). 


me 


(3.4) 
The potentials (3.3) and (3.4) agree on condition that 


Ant 


2 C 6 a 
A2m = 5 VoRo < b (7 i Ea) Y 2m (xx) > . (3.5) 
kei 


It will be evident therefore that pair interaction between nucleons can be 
taken into account by introducing quadrupole deformation and that the magnitude 
of the deformation is proportional to the strength of the interaction. 

If we consider not only the quadrupole interaction on the surface, but also 


interaction (3.1), we obtain that the field as seen by the nucleon i is of the 
form 


V (7i) = — x = Cri Yom (Qi) Cd rilen (24) > ’ 


m k#i 


(3.6) 


i.e., on the average the motion of the particle i with the given state of the 
other nucleons is described by the Hamiltonian 


= mo? r? AnC pe 
Hy = Ty + — CD Vn (24) IP 2g (2). (3.7) 
k+#t 


This, of course, is the Hamiltonian of a spheroidal oscillator. This means that 
if in the zeroth approximation there were used the wave functions of a spherical 
oscillator, for taking into account the residual interaction (3.1) it is essenti- 
al to take the spheroidal oscillator wave functions (3.7). As a result there are 
obtained functions y;, having a definite projection K of the momentum on the nu- 
clear spherical axis, but not corresponding to a definite total momentum /, 
These functions are defined in the system of axes connected with the nucleus (the 
Z axis is aligned with the nuclear symmetry axis). This is the internal function 
of the nucleus. To obtain the wave function of the state with momentum / in the 
laboratory system of coordinates, one can, as is done in the collective model, 
take into account rotation of the nucleus by multiplying the internal function 
by the Wigner D-function, which depends on the collective coordinates (the Euler 
angles £, yn, ©): 


prom (7) = Dux (E, 1, &) Xe (7in)- (3.8) 


Here, however, there are encountered difficulties associated with the fact 
that the collective coordinates are "superfluous" degrees of freedom, inasmuch 
as the internal function depends on the coordinates of all n particles as on 
independent variables. In the right-hand part of (3.8) the number of degrees of 
freedom is 3n-+3, whereas in the left part the number is 3n. While this diffi- 
culty is not serious where heavy nuclei are concerned, for light nuclei it may 
be significant. Hence a different method of constructing the wave functions in 
the laboratory system is employed. According to the usual procedure, the compo- 
nent with a given / is separated in the internal functions by means of the Wigner 


D-function: 
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apm (7) = \ Dix (R) Xx (R7) dk, (3.9) 


where Ris the set of Euler angles. Expression (3.9) is a Hill-Wheeler type inte- 
gral. Here we have carried out averaging over the orientations of the nuclear ax- 
is in space. Moszkowski34 showed that the wave function (3.9) is a precise eigen- 


function of the residual interaction (3.1). 
Let us consider the average value of the operator of some physical quantity 


Rover the functions (3.9): 
abiac| E | prm> = \ Digg (BR) Ux (Ror) FD (R) yx (R 7) dR aR dr = 


=\ Divx (R’) Dirk (R) Fx (R’, R) dR’ aR, (3.10) 


where 


Fx (RY, Bl) = \ hie (ROY) Phe (ROW) dr. (3.1) 


The value of Fx (k', R) depends on the angle © between the orientations of 
the nucleus R’ and R; if with increase of this angle the overlapping of the func- 
tions %, (Rr) and yx(R'r) decreases rapidly (and this occurs in the case of a 
large number of particles3’) , we find that /,,(R’, R) behaves like 6(w) and for 
the matrix element we have 


Cabra | F | poar> = \ Din (R) Dit (R) Fe aR, (3.12) 


i.e., the same situation as is obtained with the functions (3.8) in the framework 
of the ordinary collective model. Moreover, the functions (3.9) with a residual 
interaction (3.1) yield a rotational spectrum. Thus it may be asserted that these 
functions describe the rotational properties of nuclei in the framework of the 
shell model. 

Let us now touch on the question of the role of different multipoles in ex- 
pansion of the residual interaction: 


Vag = > fa (Ti, 73) Pa (cos @j)). (3.13) 


The functions (3.9) are precise functions only for interaction of the form 
of (3.1). What will happen in the case of participation of the forces of higher 
multipoles or for different radial dependence of the forces? This question, al- 
though of great interest, has not yet been investigated in detail. Bayman38 show- 
ed that for low multipoles the functions (3.9) yield a rotational spectrum for 
any radial dependence of the forces. In the case of more complex interaction the 
functions (3.9) can be used as the starting point for variational computations. 39 

If configuration mixing is neglected, for the p shell there will be signifi- 
cant only terms with X = 0 and 2. The matrix elements of the term with X = O do 
not depend on L, although they may depend on Young's diagram [A]. There remain 
only the terms with \ = 2, which leads to the above mentioned cutting off of the 
rotational spectrum. In the case of the (2s — 1d) shell the situation becomes more 
complicated inasmuch as terms with X = 4 also begin to play a significant role 
and in the case of a small number of particles there occur deviations from the 
rotational spectrum, 

Inasmuch as for the p shell there will be effective multipoles not higher 
than quadrupoles, it may be assumed that the functions (3.9) will be a fairly 
good approximation to the true functions. True, for higher accuracy one must 
take into account spin-orbit interaction. For this it is better to use by way 
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of the internal wave functions Xk 


in Eq.(3.9) not simply the f j in 
oidal oscillator but, for example, 329 Re cine 


Nilsson's functions29 taking into account ls 
ce et Such calculations were carried out for Pp shell nuclei by Kurath & 
Picman*”, who found that the wave functions (3.9) agree (95-100%) with the inter- 
mediate coupling wave functions9, In order to obtain agreement it was necessary 
to attribute a large deformation to the nucleus (ellipsoid semi-axis ratio 2-3; 

cigar shaped nucleus for a small number of particles, disk shaped nucleus for 
an almost filled shell). It is interesting to note that application to light nu- 
clei (4< A < 32) of the pure collective mode132, i.e., use of the function (3.8) 
also leads to large deformation of the nuclei with a semi-axis ratio of 1.5-2 
which, however, is on the average less than the ratio used by Kurath & Picnans 

On the other hand, the functions of Kurath & Picman, being equivalent to 

the intermediate coupling functions, yield quadrupole moments smaller by a factor 
of ~2 than the experimental moments, although the deformations are greater. Ac- 
tually, however, it is difficult to compare directly the results of Kurath & Pic- 
man40 and those of Gonchar, Inopin & Tsytko32 because the latter took into ac- 
count configuration mixing with respect to the principal quantum number, i.e., 
polarization of the core, although they did not use the integral form of (3.9), 
whereas Kurath & Picman used the integral form of (3.9), but did not take into 
account mixing of configurations with respect to the principal quantum number, 
although in the presence of great deformations this is very important in calcu- 
lating the quadrupole moments. It would be interesting to see calculations car- 
ried out without these simplifications. There will probably be obtained fairly 
large deformations with a semi-axis ratio *2. 


4, Experimental Problems 


The formalism of the modern theory of light nuclei has been developed to a 
high degree. For checking it and for further development, the scanty and extreme- 
ly scattered experimental data now available are inadequate. It is essential now 
to undertake systematic investigation of light nuclei, aimed at clarifying the 
character of nucleon interaction; this is necessary both for refining the shell 
model and for determining the relation of this model with other nuclear models. 

Such investigation can initially be restricted to a small number of nuclei, 
but the information obtained regarding their properties must be as comprehensive 
as possible. This information must include data on the positions, spins, and 
isotopic spins of the low-lying states up to an energy of ~10 Mev, the values of 
the radiation widths, reduced widths and (for B-active nuclei) lifetimes. From 
the standpoint of theoretical value and present experimental possibilities of 
greatest interest in this respect are nuclei at the end of the p shell with A = 
ma 14 and 15, as well as the already fairly thoroughly investigated nucleus 
3 peed 

As for the particular problems in the field of light nuclei, in our opinion, 
the following are the most urgent and interesting: 

1) Levels in Li’, From the standpoint of checking the theory it would be 
of particular interest to investigate the 4.63 Mev level in Li? which, according 
to some calculations!2, has spin 7/27~, and according to others*!, 5/2-. Study 
of the (d,p) reaction on Li® at a number of deuteron energies should prove use- 
ful. The angular distribution should differ from the Butler distribution and 
will probably be characterized by Bowcock's formula?2 for spin-flip stripping. 
Scattering of H? from He* through the 4.63 Mev level should occur with Le= 3. 

2) Calculation43 of the levels of Li’ leads to the inference that there may 
exist nuclearly stable B-active He’. To check this there can be used the follow- 


ing reactions: 
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Li’ (n,p) Q<~ -10 Mev, 
Li? (t ,He?) Q * -11 Mev, 
Li’ (d,2p) Q~ -12 Mev, 
Be? (y, 2p) Q~ -29 Mev, 
Be? (n,He?) Q® -26 Mev, 


cl2 + x7 > He? +a +p; Li? + wo => He”. 


3) Of particular interest is the nature of the Ot excited levels in c12, 
016 ne20 and other nuclei. These levels are, naturally, treated in the frame- 
work of the Q-model and apparently cannot be described from the standpoint of the 
shell model without configuration mixing. The OF level in cl2 is not excited in 
elastic scattering of protons, but is excited, for example, in the Be2(a,n)c12* 
reaction. For analysis of the structure of wave functions it would be useful to 
investigate the B11(a,n)cl2*, n15(d,n)016* and similar reactions at different 
energies. 

4) It is desirable to investigate E2 transitions in nuclei close to Mg with 
change of isotopic spin. Here one can expect the collective increase of the 
transition probabilities to be weakened. 22 

5) There are a number of experimental spectroscopic problems that are of 
interest from the standpoint of the theory of photonuclear reactions. 44 

A. Deuteron initiated stripping reactions with the formation of single-par- 
ticle levels the parity of which is opposite to that of the ground state of the 
final nucleus. An important example would be to find the level corresponding to 
capture of a d:, proton by B11, This level, on the assumption of weak binding of 
the s and d nucleons with the p core#4, should lie close to the threshold for the 
c12(y,p) reaction, but so far has not been detected. 

B. The inverse stripping reaction (p,d) with pick-off of a nucleon from an 
inner shell in such nuclei as Mg24, where there is a large number of nucleons 
outside the filled shell. Also of interest would be experiments involving the 
(p,d) reaction on nuclei with closed shells; for example, it would be desirable 
to determine the energy of the di and 2s); levels in Ca39, Here, apparently, 

Q* -24 and -20 Mev, respectively. Similar determinations might be made for Ni®9, 

C. Elastic scattering of protons of energies up to 8 Mev should give infor- 
mation on single-particle levels of outer shells. In such experiments one must 
study the angular distributions by means of an instrument with a sufficiently 
high resolution in order to be able to determine the orbital momenta. An experi- 
ment of this type was recently performed by Class, Davis & Johnson49, 
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SHAPE OF THE B-SPECTRUM OF A41 
- G.R.Kartashov, N.A.Burgov & A.V.Davydov 


Introduction 


The Feynman-Geli-Mann1! universal theory of weak interactions predicts that 
in some cases the shape of allowed B-spectra must deviate from the usual shape 
characteristic of allowed transitions. Gell-Mann considered such deviations in 
the case of the B-spectra of B12 and N12, 

Recently Dreitlein? considered the question of analogous corrections to the 
shape of the B-spectra associated with unique first forbidden transitions (AI = 
= 2, yes). 

In view of this we felt it would be of interest to investigate in detail 
the shape of the B-spectrum of such transitions. As the subject of the present 
study we chose A41, the decay scheme for which is shown in Fig.1 (Ref.3). 

In addition to the transition to the excited 
state of K41, which occurs in ~99% of all decays, 
there is a relatively weak transition to the ground 
state of K4l1, The shape of the B-spectrum of this 
weak transition was investigated by Schwarzschild 
et al4, These authors concluded that the shape of 
this B-spectrum is in better agreement with the 
assumption of a unique first forbidden transition 
rather than an allowed or nonunique first forbid- 
den transition. However, since the statistical 
fluctuations in the experiments of Schwarzschild 
Fig.1. Decay scheme for A41, et al were high and the resolution of their spec- 

trometer was relatively low, some details of the 
spectrum may have escaped their attention. 


1. Spectrometer 


The measurements were carried out on the large magnetic-lens B-spectrometer 
described in Refs.5 & 6. For obtaining the B-spectrum we utilized the electrons 
emitted from the source in the range from 40 to 75° relative to the axis of the 
instrument. The source was a 10 mm diameter, 10 mm high cylinder covered at the 
ends with 1.5 mg/cm? terilen film and filled to a pressure of 300-400 mm Hg with 
pile irradiated spectroscopically pure argon. The detector was a plastic scin- 
tillator 10 mm in diameter and 10 mm high coupled to an FEU-35 photomultiplier. 


—2 LG Oe 


The relative line half-width (A(Hp) /Hp) was 2.4%. The photomultiplier pulses 
were fed, through a cathode follower, to an integral discriminator and register- 


ed by a scaler. The instrument was calibrated with reference to the K conver- 
sion line of Aul98, 


2. Measurements and corrections 
Sel ote ach aah lade ed SN pe SAE SLD 


The B-spectrum of A41 is shown in Fig.2. The horizontal scale is laid off 
in momenta pin units of mc; the ordinates represent the average number of counts. 
There is clearly discernible a peak corresponding to conversion of the y-transi- 
tion in A41, On the basis of our measurements the energy of this transition is 


Ey = (1290 + 4) kev. (1) 


The error in determining the individual points (calculated from the scatter of 
the experimental data obtained in different series of measurements) does not ex- 
ceed 1.5% for the p <2.8 range, is of the order of 0.8% for the p= 2.8 to 5.4 
interval and is 1.5% for p >5.4. 


The internal conversion coefficient calculated from the area under the con- 
version peak is 


Ky = (6.8 + 0.9)°10795, (2) 


The integral K + L conversion coefficients calculated using the tabulated data in 
the literature’ are 8.7°107°, 7.21075 and 4.91075 for E3, M2 and E2 transitions, 
respectively. It follows that the 1290 kev transition is M2. This is consistent 
with the 7/2- spin assignment for the excited state of K41, 
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Fig.3. Fermi-Kurie plot for the low 
energy component of the A41 B-spectrun. 


A41, 


Fig.2. B-spectrum of 


The spectrum shown in Fig.2 was 
corrected for the weak constant background and for the background due to the 7y-rays 
from the A*1 source. The variation of the background due to the y-rays from the 
source as a function of the current in the spectrometer eae hue investigated in 
a separate experiment, in which we utilized the y-rays of Co°, which are close a 
energy to the y-rays from A*1, This experiment showed that in the Ese ee of hig 
energies (p > 3.0) the background decreases linearly with increase of the energy, 
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In general, this background is not high: it is of the order of 3% of the average 
number of counts in this energy region. 

It will be evident from Fig.2 that the spectrum comprises two B-components. 

Analysis of the low energy B-spectrum showed that this spectrum has the al- 
lowed shape: the Fermi-Kurie plot (Fig.3) is rectilinear in the energy range above 
400 kev. A minor rise is evident in the range below 400 kev, but this can be ex- 
plained by scattering of electrons in the source and from the spectrometer walls. 

The end-point energy of the spectrum determined by extrapolation of the Fermi- 
Kurie plot is 1195 + 8 kev. For analysis of the low energy partial spectrum we 
subtracted the high energy spectrum from the experimental curve. It was assumed 
that the high energy spectrum has the shape characteristic of unique first forbid- 
den transitions (AI = 2, yes), i.e., that 


N (p)dp = AF (Z, W) p? x(W —W,)? (p? + @) dp, (3) 


where /(Z,W) is the Fermi function, q is 
the neutrino momentum in units of mc. W 
is the total electron energy in m,c’? units, 
and W, is the end-point energy of the B- 
spectrum in the same units. 

Actually, however, since the high ener- 
gy electrons are emitted in less than 1% of 
all the B-decays, as far as determination 
of the end-point energy of the low energy 
component is concerned the precise correc- 
tion for the high energy spectrum is unin- 
portant. 

In the high energy spectrum there may 
be present electrons initially of low ener- 
gy but scattered inside the spectrometer. 

In order to determine the requisite correc- 
tion we investigated the spectrum of P32, 
The P source was prepared of irradiated 
orthophosphoric acid. 

Investigation of this spectrum, which 
is shown in Fig.4, showed that there actual- 
ly is present a background of scattered elec- 

Fig.4. B-spectrum of P32, trons, which are detected by the spectro- 
meter when the current through the spectro- 
meter coils is greater than the current corresponding to the end-point energy of 
the P32 B-spectrum. The spectrum of P32 was plotted to a modified momentum scale 
so that the end-point energy of the P32 B-spectrum would coincide with the end- 
point energy of the intense (low energy) components of A41, The spectra were 
normalized in area. 

From the experimental P32 spectrum we determined the corrections to the ordi- 
nates of the high energy a4 component. The correction for electron scattering 
amounted to 20% at the beginning of the spectrum, and rapidly fell off to zero. 
The phosphorus spectrum was recorded with an errer of ~1% over its entire range. 
This error was determined from the scatter of the experimental data in individual 
series of measurements and did not exceed the statistical uncertainty. 

Independent determination of the A41 y-ray energy from the conversion elec- 
trons and the end-point energy of the soft spectrum enabled us to calculate the 


end-point energy of the high energy partial spectrum. We obtained a value of 
2485 + 10 kev. 
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Using this value of the end-point energy for the corrected partial high 
, energy B-spectrum we plotted the variation of 


7 1 V N (p) 
W—W, p*F (p, W) (p? + q)* 


as a function of W. If the spectrum has the shape described by Eq.(3), this 
plot should be a straight line parallel to the horizontal axis. 


The Fierz plot is shown in Fig. 
(Dibleed 5. It follows from the plot that to 
pF (p2+q?) within 1% the investigated spectrum 
has the shape defined by Eq.(3) and 
characteristic of AI = 2, yes transi- 
eye tions. The Fermi-Kurie plot in this 
: energy region (3.5 < p< 6) cannot 
be approximated by a straight line 
ih, without introducing the correction 
“1300 1500 1700 ©1900-2100 2300 2500S factor p?+@. 
EAs The actual relative intensity 
Fig.5. Fierz plot for the high energy com- of the high energy partial B-spec- 
ponent of the B-spectrum of A4!1, trum proved to be 0.78 + 0.02%. 


Discussion 


1. The spin and parity of the A41 ground state are 7/2°. This follows from 
the shape of the B-spectrum associated with the transition to the ground state. 
In view of our experimental data it may be inferred that the assignment for the 
first excited state of K4! is also T42o, 

In particular, it follows from this that the Fermi matrix element in the 
expression for the probability of the B-transition of A41 to the excited state 
of K4l must be nonzero. There is reason to infer that the ground state of A41, 
the first excited state of K41 and the ground state of Ca4l have the same isotop- 
ic spin. 

2. The B-spectrum corresponding to the transition between the ground states 
of A41l and K41, according to our results, is described by Eq.(3) to within 1-2%, 
i.e., the corrections to this spectrum predicted by the Feynman-Gell-Mann theory 
are not evinced. According to the calculations of Dreitlein2, in our case there 
should be a correction factor of the form (1 + AW), and the Fierz plot (Fig.5) 
should have a noticeable slope. The value of this correction factor at the end 
of the spectrum should be 1.02. 

3. It must be noted, however, that in our case there may occur compensation 
of the corrections, inasmuch as in addition to the corrections following from the 
universal theory of weak interactions, the shape of the B-spectrum may be affect- 
ed by other corrections. In order to evaluate these corrections one must deter- 
mine the matrix elements for third forbidden f-transitions. This problem can, 
in principle, be solved if the calculations are carried out in the framework of 
the shell model. 

We desire to thank 1.S.Shapiro for discussion of the results; we are deeply 
indebted to V.G.Alpatov, Yu.I.Nekrasov and A.I.Zubkov for assistance in carrying 


out the measurements. 
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CONVERSION ELECTRON SPECTRUM OF THE HOLMIUM FRACTION FORMED IN 
PROTON BOMBARDMENT OF Ta 
- A.S.Basina, K.Ya.Gromov, B.S.Dzhelepov & V.A.Morozov 


The conversion electron spectrum of the holmium fraction extracted from a 
tantalum target bombarded with fast protons in the Joint Institute for Nuclear 
Research synchrocyclotron was investigated by means of a lens B-spectrometer 
with a resolution of ~1.9%. 

The operation of radiochemical separation of the holmium fraction required 
approximately three hours, so that measurement of the spectrum started about 3.5 
hours after bombardment of the target. We investigated the conversion electron 
spectrum in the range from 30 to 1000 kev. 

The spectrum of the holmium fraction was measured continuously over a period 
of 20 hours and then further, as was necessary for obtaining the spectra of the 
long-lived isotopes. . Inasmuch as our primary task was to investigate the spectrum 
of the short-lived isotope of holmium (period ~1 hr) the lines of the long-lived 
isotopes were of interest to us mainly as a background for subtraction, although 
in some cases we also identified these lines for the purpose of elucidating the 
genetic relationships. 

We observed in the spectrum of the holmium fraction conversion electron lines 
with the following periods: ~30 min, ~1 hr, ~2.5 hr, ~5 hr, ~10 hr and several 
days. 


1. T= 5 + 0.5 hr —- Hol60 


The conversion lines decaying in intensity with a period of ~5 hrs belonged 
to the well-known isotope Hol60, We observed groups of conversion electrons as- 
sociated with transitions of 60, 87, 197, 298, 540, 648, 730, 880 and 963 kev 
energy, all of which have been observed in earlier studies!-4, All these lines 
were clearly evinced in the spectrum of our activity 6 and more hours after the 


beginning of measurement, when the lines associated with the decay of the shorter 
lived isotopes had faded. 
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We observed one conversion electron line with this decay period: Eg = 69.0 
kev. Mihelich et al4 identified this as the L-77.5 line of Hol6l. We did not 
observe any other lines belonging to this isotope inasmuch as they are either of 
low intensity or masked by the stronger lines of the other holmiun isotopes. 


The existence of a holmium isotope with a period close to one hour was first 
reported in the work of Mihelich et al4, In the case of bombardment of a target 
enriched with dysprosium 156 by 22 Mev protons there is observed a transition of 
138.1 kev energy in the reaction products; this transition is associated with a 
1l-hour activity. The 138.1 kev transition was not observed in the case of dys- 
prosium targets enriched in Dy158 , On the basis of this observation Mihelich 
et al arrived at the tentative mass number assignment of 156 for the ~l-hr holmi- 
um isotope. 

A one-hour activity in the holmium fraction separated from the products of 
spallation of tantalum with protons was observed by Gromov et al5, In addition 
to the 138 kev transition reported by Mihelich et al, the authors of Ref.5 ob- 
served a line with an energy of 214 + 2 kev (T = 55 + 2 min), which they identi- 
fied as the K-268 line; they hypothesized that the 138 and 268 kev transitions 
form a rotational band in the level scheme of Dy156, 

In Table 1 we list our data on the energies, periods and relative intensi- 
ties of the conversion lines of Hol56, 


In addition to the two above- 


Table 1 mentioned transitions, we succeed- 
Conversion electrons of Hol56 ed in detecting transitions with 
energies of 366 and 686 kev. Pos- 
= | q Tdenti- | Relative sibly the 366 kev transition oc- 
¥ iS oT fica inten— curs between the third and second 
= = ea a tion sity levels of the rotational band in 
i I & | ar @ | Dy156 (level energies: E] = 138, 

; Eo = 406 and E3 = 772 kev). The 
om | is | wea | mis] xm | 100 Ch rey ratio Hi/m, ~ 5.6 1a sone- 
1335 138° 140 — | M138 300 what low compared with the theo- 
1720 sete oe ee ce ra retical value of 7 for even-even 
3155 512'6 366.4 | 52:13 K366 34 deformed nuclei. This, however, 
2349 359° 367 ,6 532 L366 {4 is not surprising inasmuch as 
3412 632,3 | 686 60-+5 K686 24 


Dy156 is located close to the 
boundary of the region of deform- 
ed nuclei. 

The data on the relative intensities of the K-138, K-268 and K-366 conversion 
lines do not conflict with the inference that these transitions are of equal in- 
tensity and are both E2. 

: The location of the 686 kev transition in the decay scheme is still unclear; 
nevertheless in view of its decay period this transition must be attributed to 
Hol56 Py 


4. T= 30 + 5 min - Hold8 


The conversion electron spectrum of the half-hour (more precisely, 27-minute) 
activity in the holmium fraction was investigated earlier in the work of Gromov 
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Table 3 
Unidentified conversion electrons 
emitted by the short-lived 


Table 2 
Conversion electrons of Hol58 


3 > Tdenti-| Relative 
é iS | 8 a | Ident atc Ho isotopes 
S A 3 2 tion sity cea ee er Eo” 
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q Gs cM | key min 
729 44,8 SB aes K98 ie a £3 Gee a 
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Bee oe 99,4 | 28+3 L98 108 foam’ De?? of Holt 
1102 97,9 99,5 | 2743 M98 oe 1658 |201,8|34+4 |Intcnsity cqual to 
1481 165,9 | 248,7 | 3244 | K2is os 20% the intensity 
2102 300, 2 3504 40-+-10 K356 1,0 of I-98 of Ho 
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4530 940 948 — L948 5 2928 | 504,6 — 
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et al° in the 70 to 315 kev region on a spectrometer with a transverse homogeneous 
magnetic field. These authors observed transitions of 98 and 218 kev energy. In 
view of their energy ratio it was inferred that the departure levels form a rota- 
tional band in this even-even nucleus. 

In the work of Dneprovskii®, devoted to investigation of the erbium fraction 
on a high resolution instrument, there were observed conversion lines correspond- 
ing to transitions with energies of 97.6, 218, 320 and 356.5 kev, the intensity 
of which fell off with a period of about 2.5 hours. The nuclear charge as evalu- 
ated from the K - L and K - M differences for these transitions indicated that 
they occur in a dysprosium nucleus. From the 98.6 kev energy value for the first 
excited level of the even-even nucleus there follows the mass number assignment 
158 for the holmium isotope in the decay of which these transitions are excited. 
Thus, apparently there exists the decay chain: 


2.5 h 27 mi 
Erl58 “2 > yo158 —=5— py158. 


In the spectrum of our holmium fraction we observed a number of conversion 
lines that decayed with a period close to 30 min. The energies and relative in- 
tensities of these lines as well as their decay periods are given in Tables 2 and 
3. 

In Table 2 we list the conversion electrons of eight transitions including 
those from the well-known transitions in Hol58 with energies of 98.6, 218.7 and 
356 kev.° We did not observe the conversion electron lines corresponding to the 
320 kev transition; apparently these lines are masked by the more intense lines 
of HolS6, The other lines in Table 2, namely, K-619, K-848, K-947 and K-1070, 
were observed by Dneprovskii® also in the erbium fraction, where they fell off 
in intensity with a period of 2 to 4 hours. 

Only two isotopes of erbium are known which close decay periods: Erl58 and 
Erl6l1, These isotopes give rise to the decay chains: 


2.5 hr 0.5 hr 
Erl58 “5 Hol58 ——-— py158 (stable) , 


3.5 hr 2.5 hr 
Erl61 ze? Hol61 ne Dy161 (stable). 
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Inasmuch as the intensity of these lines in the spectrum of the holmium fraction 
falls off with a period of 0.5-1.0 hr, they must be attributed to Hol58. 

This inference would not be altered if there existed Erl56 with a period of 
2-4 hours, inasmuch as in this case there would be observed in the spectrum of 
the erbium fraction lines corresponding to Hol56 which in reality is not the 


case.6,7 
pemencurion to the lines detected earlier®,®8 in the spectrum of the half- 
hour Ho activity, in the conversion electron spectrum of our holmium fraction 


we also observed an intense line of 58.5 kev energy (T = 33 + 3 min) (see Table 
2). It may be assumed that this is an L line inasmuch as there are no lines that 
could be interpreted as the L and M lines of the given transition if it is assum- 
ed that the 58.5 kev line is the K line. It is not impossible that the weak line 
at ~67 kev (it decays with a short period) , which we have included in the list 

of unidentified lines, is the M line of a 67 kev transition. A transition of 
this energy (66.9 kev) was observed by Dneprovskii in this erbium fraction; he 
determined its period as 135 + 15 min and interpreted it as an isomeric transi- 
tion in Hol58 (analog of the 60 kev transition in Hol60), 

In Table 3 we have collected the conversion lines which were detected in the 
spectrum of the holmium fraction but not observed in the spectrum of the erbium 
fraction, i.e., lines which are not associated with decay of Hol6l or Hol58 ana 
which have a relatively short decay period. Most of these lines were too weak 
for precise determination of their decay period, but the 201.8 kev line is strong 
enough for this purpose; its period was found to be 34 + 4 min. 


46 mi 10 h 5.6 d. 
5. Hol5S ga pyl55 ae pp155 7-9 gqi5s 


The holmium isotope with mass number 155 is evinced in the holmium fraction 
in the form of its daughter Dy1955, The period of Hol55 | as determined by Dalkh- 
suren et al8 by repeat separations of Dy from Ho, is close to 45 min. The pres- 
ence of Dy155 in the homium fraction extracted from proton bombarded tantalum 
was noted in the work of Gromov et al9. 

In the spectrum of our activity there were also clearly discernible lines 
associated with the 227 kev transition in Tb155 | and after the passage of 60-80 
hours, when the lines associated with the decay of the short-lived holmium iso- 
topes had faded sufficiently, there became noticeable the conversion lines of 
transitions of 86, 105, 162, 180 and 262 kev energy in Tb!55, the third member 
in the genetic chain Hol55_,py155_4Gq155, 

Our attempt to determine the period of Hol55S from the growth in intensity 
of the K-227 line of the daughter Dy155 was not successful inasmuch as during 
the first hours of measurement the K-227 line is poorly discernible owing to the 
interference of the neighboring intense lines of the short-lived holmium isotopes. 
Presumably this problem could be solved with the aid of an instrument with higher 
resolution. 

We did not observe any strong conversion electron lines with a period of 45 
min. However, one cannot with certainty deny their existence, inasmuch as they 
could be among the weaker lines (with short periods) listed in Table 3. As noted 
above, owing to their weakness we were unable to determine the periods of these 
lines with any degree of certainty. ; 

We desire to express our gratitude to I.A.Yutlandov and V.A.Khalkin for pre- 
paration of the sources and M.A.Dolgoborodova and Ku Za Khek for assistance in 
the measurements. 
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RELATIVE INTENSITIES OF SOME GAMMA-LINES IN THE SPECTRUM OF Tal82 
- V.D.Vitman, N.A.Voinova, B.S.Dzhelepov & A.A.Karan 


Using the Elotron type magnetic spectrometer constructed in the All-Union 
Scientific Research Institute of Metrology, we investigated the y-radiation from 
Tal82 in the 850 to 910 and 975 to 1280 kev regions for the purpose of obtaining 
more accurate values for the relative line intensities. The 850 to 910 kev sec- 
tion of the spectrum was considered in detail in Ref.1. 

The experimental Compton recoil curve corresponding to y-rays in the 975 to 
1280 kev region is shown in the accompanying figure. The experimental spectrum 
was resolved into components taking into account the apparatus line shape, and 
then the relative intensities of the individual components were determined. The 
data on all the observed lines together with the results of other authors are 
listed in the accompanying table. The 1045.9 kev y-rays were hitherto observed 
only by Fowler et al?; the relative intensity of these y-rays was determined for 
the first time in the present study. 


"D.I.Mendeleev" All-Union Scientific Research Institute of Metrology & 
Physical-Technical Institute of the 
Academy of Sciences of the USSR 
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Tal82 y-ray spectrum in the 975 to 1280 kev region, background subtracted; 
the figures at the peaks are the y-ray energies in kev. 


Energies and relative intensities of the y-lines in the spectrum of Tal82 


Relative intensities 


4 we 
at? Crystal ae spect.| Crystal Scant. leone | Our 
ines spectro. |photoelect.| spectro. SOOCUREY | SieOCwies, — || 
a Ber, Sy thefli4) “| (Refs5) Ref.6) | Compt. re~ data 
; colle) 
| | | 
892,4 | Bs se = ae A 14 <0,5 
1002 ; os = | GAL3 5+2 
| = a ee 
046 | 2 — = =n = Se eats 
1121 | 100 wo | 100 | 400 100 = | 100 
1155 | 6,5 - abet a= <A | 3,644.0 
1187 | 45 = P5568. 91) 2| 4548 | 44 
ENE 95 _ | Ve | (79) 9 84+8 j80-++6\4,- 
1232 | 50 a ae a aa) $3 | a5F 40 pee bs cere 
1259 | = 4 = = 6 eeeee 
References 


1. V.D.Vitman, N.A.Voinova, B.S.Dzhelepov & A.A.Karan, Zhur.eksp.i teor. 
fiz., 40, 479 (1961). (Trans.Soviet Physics - JETP.) 

2. G.Fowler, H.Kruse, V.Keshishian, R.Klotz & G.Mellor, Nucl.Sci.Abstr., 
9, No.24B, 102 (1955). 

3. J.Murray, F.Boehm, P,Marmier & J.DuMond, Phys.Rev., 97, 1007 (1955). 

4, G.Backstrém, Arkiv.Fysik., 10, 387 (1956). 

5. O.1.Submaev, Izv.AN SSSR, Ser.fiz., 21, 987 (1957) (Trans.Bulletin, 21, 
989); Zhur.eksp.i teor.fiz., 32, 247 (1957). (Trans.Soviet Physics - JETP.) 

6. P.Fréman & H.Ryde, Arkov.fys., 12, 399 (1957). 

7. N.A.Voinova, B.S.Dzhelepov & N.N. Zhukovskii, Izv.AN SSSR, Ser.fiz., 23, 
828 (1959). (Trans.Bulletin, 23, 822.) 


- 194 - 


RELATIVE INTENSITIES OF GAMMA-RAYS FROM RaC IN THE 1300 TO 2520 kev REGION 
- V.D.Vitman, B.S.Dzhelepov & A.A.Karan 


The most reliable data published hitherto on the relative intensities of the 
y-rays from RaC are contained in Ref.1. The new Elotron type spectrometer of the 
All-Union Scientific Research Institute of Metrology has a resolution in the >l 
Mev region 1.5 times higher than the Elotron of the Radium Institute, which was 
used in the work of Ref.1. Hence use of this new instrument enabled us to bring 
out certain new details in the y-ray spectrum of RaC and to obtain more accurate 
values for the relative intensities and in some cases for the energies of the y- 
lines. 

Our source was 4 grams of radium in the form of RaBro; the shape and size of 
the source was the same as in the work of Ref.2 (the activity was contained in an 
array of 24 glass ampoules 4-5 mm in diameter and 40 mm in length enclosed in cop- 
per foil). 

The background in our measurements amounted to 0.04 coincidences per minute 
at hy = 1350 kev and less than 0.01 coincidences per minute in the region above 
1500 kev. 

After subtraction of the background, the experimental spectrum was resolved 
into components using the standard line shape which was obtained as a result of 
studying the shape of the following discrete lines: 1171.5 and 1331.6 kev of Co60, 
1367.9 and 2753.5 kev of Na24 and 2614.3 kev of ThC". These lines, together with 
the more intense Ra lines (1120.4, 1509.3, 1764.4 and 2204.2 kev) served for the 
energy calibration. 


42204 
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eS 
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Fig.1. Gamma-ray spectrum of RaC in the 2000 to 2500 kev region (background sub- 
tracted). Light lines - resolution into components. 


To find the relative intensities we determined 
the area under each line, re- 
duced to equal Hp intervals. Then we introduced appropriate corrections for the 


absorption in the source a 
pena nd instrument walls and the spectral sensitivity of the 
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Fig.3. Gamma-ray spectrum of RaC in the 1450 to 1700 kev region (background sub- 
tracted). Light lines - resolution into components. 


The results of resolution into components are shown by the light lines in 
Fig.1 through Fig.4. Analysis was started from the high energy side, inasmuch 
as the lines have appreciably low energy tails. 

Fig.l shows the 2000 to 2500 kev section of the y-spectrum. In addition to 
the 2117, 2204, 2292 and 2445 kev lines known earlier, there is clearly discerni- 
ble in this section of the spectrum a y-line at 2017 kev, the existence of which 
was inferred previously from observation of conversion electrons’. After plot- 
ting and subtraction of all five of these lines there remains in the 2270 kev re- 
gion an excess of recoil electrons with an intensity of ~1% relative to the 2204 
kev line. 

Fig.2 shows the 1600 to 2000 kev section of the spectrum. Here the 1728 kev 
line is clearly separated from the 1764 kev line, which makes it possible to de- 
termine its relative intensity more accurately than was feasible in the work of 
Ref.1. Further, we see a group of unresolved lines. The most intense line of 
this group has an energy of 1848.5 kev. When this line is inscribed into the ex- 
perimental spectrum there are revealed the following features: 

1) an excess of recoil electrons on the side of high energies, which can be 
accounted for by one line with an energy of 1836 kev; 

2) two y-lines with energies of 1877 and 1897 kev in the region above 1870 
kev; the latter line is already known (this is the 1900 kev line of Refs.1 & 2), 
while the 1877 kev line has not been observed hitherto. In Refs.l & 2 there is 
mentioned a line with an energy of 1862 kev. The resolution of our spectrometer 
was inadequate to bring out this y-line. Hence we can only give the upper bound 
for its intensity: 71860/¥2204 < 0.05. 
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Fig.4. Gamma-ray spectrum of RaC in the 1300 to 1460 kev region (background sub- 
tracted). Light lines - resolution into components. 


Fig.3 shows the 1450 to 1700 kev section of the spectrum. The 1541 kev line, 


first observed in the work of Ref.1, is well separated from the 1509 kev line. 
The 1583 kev line is almost two times wider than the standard line shape. It 
is, however, impossible to explain this broadening by the presence of a line with 
an energy of 1605.5 kev (as was attempted in Ref.1). This broadening can be ex- 
plained by a line of 1597 + 4 kev energy; a line of this energy has not been ob- 


served hitherto. 

The line which in Ref.1 was attributed an energy of 1668.4 kev is actually 
located at 1661 kev. Conversion electrons associated with a transition of this 
energy were observed in the work of Mladjenovic & s1utis.3 


= 1LoSe= 


Table 1 
Relative intensities of the y-lines in the spectrum of RaC 


Relative intensities 


Relative intensitics 

Ey, kev Ey, kov 

i Ref. 2) Our data (Ref. 8) Ref. 1 Our data 
(Rei. 3) 

378 ,2 94 0,91+0,09 17283 0,45 0,60-L0,05 
13853 i iS 1764,4 | 3,14 3,180,143 
13914 | 1836-5 = 0,05-£0,02 
1396.5 E 0, 78-+40,08]| 1848,5 0,39 0,43-40,03 
(40177 0,77 10,32) | —: 1862.3 0345 = 
1408.0 (0,46) {877-45 ie 0,04+0,01 
1438,,0 = 1897-65 0,08 0,06-40,01 
15093 0,42 0,45-40,04 2016,7 eae 0,014-F0,008 
1541-13 0,16 045-40, 02 2085 ~0,02 (exces = 
1282, 0,24 0117-40,02 2117,0 0,26 0,25-40,02 
1597-L4 x 0.4140 ,02 2204,2 1 A 
1605, 2 0,07 — 2270 = ~0,01 (excess 
1660,9 = 0,23-+40,02 9992-45 0.08 __| 0,070,014 
1668, 4 0,20 = 2410 ~0,03 (excess a 

1681 0 2 0,04-0,01 2445-5 0,30 0,33-L0,01 


After all the above-mentioned lines have been inscribed in the experimental 
spectrum there remains an excess of recoil electrons which can satisfactorily be 
explained by a 1681 kev line; this line is known from observation of conversion 
electrons® but has not hitherto been observed directly. 

Fig.4 shows the 1300 to 1460 kev region of the spectrum. On the basis of 
the data of Mladjenovic & S1utis? on conversion electrons one may expect to ob- 
serve seven lines in this section of the spectrum: 1378.2, 1385.3, 1391.1, 1396.5, 
1401.7, 1408.0 and 1438.0 kev. The 1438 kev line should be well-separated from 
the first six lines, but it is not discernible in our spectrum (71438/y2204 < 0.03). 
There are clearly evinced two peaks in the spectrum. The first is explained by 
a 1378 kev line; the second peak is somewhat broader than follows from the stand- 
ard line shape. It may be inferred that it consists of two lines with energies 
of 1402 and 1408 kev. These are tentatively indicated by dashed lines in Fig.4; 
it is at present impossible to resolve them unambiguously. 

The relative intensities of the y-transitions are shown in Table 1 together 
with the values obtained in the work of Ref.1. The energies of the y-rays are 
given according to the data of Mladjenovic & S1¥tis3 when the corresponding con- 
version electrons were observed by these authors; in other cases we give our ener- 
gy values. It will be evident from the table that in most cases our data agree 
well with the earlier results of Ref.1. 

Mladjenovic & Sl¥tis list a number of unidentified conversion lines. Part 
of these have now been identified inasmuch as the corresponding y-rays from RaC 
have been observed in our experiments. If it is assumed that all the other lines 
are K conversion lines, then on the basis of our results one can indicate the 
upper bounds of the corresponding transition intensities. The results of such 
evaluation are listed in Table 2. In the last column we give the integral inten- 
sities of the groups of poorly resolved or completely unresolved lines. Operat- 
ing the spectrometer under conditions of enhanced transmission we undertook a 
search for the 2513 kev line mentioned in Ref.1. If this line exists its intensi- 
ty must be less than 5-10-5 y-rays per decay. 

We desire to express our gratitude to S.A.Shestopalova for her interest in 
the work and discussion of the results and to P.Galan, graduate student of Lenin- 
grad State University, for assistance in carrying out the measurements. 
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Table 2 
Evaluation of the intensities of the y-rays corresponding to 


conversion lines not identified in the work of Mladjenovic & S1¥tis3 


ea eg 
* , Relative in- Rolati i 
E,, kev | Relative |tcnsities of Ey, kov Relativelponaitics oF 
intensitics| Unresolved pl ae intensi- | unresolved 
(Ref. 3) groups (Ref. 3) tiés Beto ae ; 
: = 
1385,3 015 me 1728,3 0,60 
139154 <0,13 1749.4 <0,18 
< ; 3,78+0,15 
{40177 [fm0<16'450,42| (9>7840,08 |] {Taare 6,04 | : 
[408,0  |fm0,40t00,48| — 1790.7 <0,02 
* : 
nae | sane | 0,234.0 03 ae 0°43 = 
ee | tak | JOS | teas | as | jonas 
1645.4 <0.02- | | igor 0°08 
1660,9 | 6/23" *) * (0,274-0-038 
1668,4 | <0,06 
1681,0 | 0,04 | 


*Our line energy values. 
"D.I.Mendeleev" All-Union Scientific Research Institute of Metrology 
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GAMMA-RADIATION FROM Eu?46 Bs 
- E.E.Berlovich, V.N.Klement'ev, L.V.Krasnov & M.K. Nikitin 


The present work was concerned with the y-radiation emitted by the electron 
capture nuclide £146, The source was the gadolinium fraction separated chroma to- 
graphically from a tantalum target bombarded with 600 Mev protons accelerated in 
the Joint Institute for Nuclear Research Synchrocyclotron. After the decay of 
the short-lived Gdl47 (29 hrs) and Gd149 (9.3 days), the basic activity was due 
to Gdl46 (60 days) and its daughter Eul46 (5 days). The contribution of the rela- 
tively low-energy radiation from Gal46 in the region of the Eul46 lines, accord- 
ing to our evaluations, was negligible. In our experiments we used only sources 
stored for 40 and 180 days. 

The measurements were made on a coincidence spectrometer, one arm of which 
was coupled to a 100-channel AI-100 pulse height analyzer. The radiation was de- 
tected by FEU-14 photomultipliers viewing 
30 x 40 mm NaI crystals. A schematic of the 
spectrometer is shown in Figure l. 


Control 
signal 


Input 


<-Fig.1. Block diagram of the apparatus: A - 
amplifier; DD - differential discriminator; 
VDL 1 and VDL II - variable delay lines (de- 
lay time from 0 to 250 microsec); DL - delay 
line, RKZ-401 cable, (delay time 2 microsec) ; 
DL II - delay line, RKZ-401 cable, (delay time 
8 microsec); CC - coincidence circuit with 
variable resolving time 2T = 0.2 to 20 micro- 
sec; GG - gating pulse generator; PHA 100- 
channel pulse height analyzer, AI-100-1 
("Raduga") type. 


The amplified pulse from photomultiplier 
PM I is applied to the differential discrimin- 
ator DD. The pulse from the differential dis- 
criminator is fed, through the variable delay line VDL I, to one of the coinci- 
dence circuit inputs. The pulse from the anode of the second photomultiplier PM 
II is fed to the other input through the delay line DL I. The resolving time of 
the coincidence circuit can be varied from 0.2 to 20 millisecs. The pulse from 
the coincidence circuit, after passing through the variable delay line VDL II, 
triggers the gate generator, which in turn triggers the multiple-channel analyzer, 
the input of which receives pulses from the PM II dynode. 

Thus, from among y-rays detected by the photomultiplier PM II, the multiple- 
channel analyzer selects only those which coincide with the y-rays selected by the 
differential analyzer. 


By appropriate adjustment of the variable delay lines one can count either 
prompt or delayed coincidences. 

If the delay introduced by the variable line VDL I is greater than the delay 
of the fixed line DL I, there are counted the y-rays emitted later than the y-rays 
selected by the differential discriminator. If the delay of the line VDL I is 
shorter than that of DL I, the y-rays counted are those emitted earlier than the 
y-rays gated by the differential discriminator. 

Prompt coincidences are counted when the delay of VDL I equals that of DL I 
The compensating delay lines VDL II and DL II provide for correct phasing of the) 
gating pulse with the counting pulse. 
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Energies and relative intensities 
of the Eul4é6 y-rays 
ee eee 
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0,64 ail 

0,74 ' 4.00 
0,91 0,40 
1,3 (4,26+-1,31) 0,10 
1 ,5.(1,45-24.,56) 0,13 
1,8 0,02 
2,41 (1,94+2,06-+2,19) 0,04 
2,4 0,01 
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Fig.2. Gamma-ray spectrum of Eul46 
in the 0.5 to 0.9 Mev region. 


3 70 80 90 
The decay of Eul4® was studied by Channel 
the Radium Institute groupl,2, who de- Fig.3. Gamma-ray spectrum of Eul46 
tected 0.63 Mev and 0.74 Mev transi- in the 0.9 Mev region. 


tions. In addition, Gorodinskii and his 
co-workers” detected transitions of 0.66 Mev and 0.89 Mev energy. 

In the present work we observed a number of y-transitions appearing in the 
decay of Eul46, The energies and relative intensities of these transitions are 
listed in the table. The recorded y-ray spectrum is shown in Figs.2 and 3. 

Inasmuch as the y-spectrum comprises a number of lines with close energies, 
we give the integral intensity for each line group together with the mean energy 
of the group, then in parentheses we list the energies of the individual lines 
composing the given group. 

The relative intensities of the y-rays were determined by resolving the spec- 
trum into components, assuming a standard line shape in all cases. The intensity 
of the 0.74 Mev y-rays was taken as unity. The 0.64 Mev transition is not a single 
one but is part of a cascade. According to our evaluations the intensity of the 
0.64 Mev y-rays is approximately equal to the intensity of the 0.74 Mev rays. The 
error in the intensity determinations is estimated as ~30%. 

The region of the spectrum above 0.9 Mev was studied using lead absorbers 
from 6 to 28 g/cm? thick in order toeliminate the additive effect due to the in- 


tense and coinciding 0.64 and 0.74 Mev y-rays. 
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Fig.4. Coincidence spectra: a) with 0.74 Mev 7- 
rays, b) with 0.64 Mev y-rays. In both cases 
6 g/cm2 thick lead absorbers were used. 


Our experiments con- 
firmed the existence of co- 
incidences between 0.74 and 
0.64 Mev gammas.1 Fig.4 
shows the coincidence spec~- 
tra of these y-rays. Coin- 
cidences were detected be- 
tween the 0.74 Mev y-rays 
and y-rays of the following 
energies: 0.64, 0.91, 1.07, 
1,3;°1.5, 1.85 42217 andazee 
Mev. We also observed coin- 
cidences of the 0.64 Mev gam- 
mas with all the y-rays list- 
ed above except the 1.5 and 
2.4 Mev ones, and in addi- 
tion, noted self-coincidences 
of the 0.64 y-rays, which 
would imply the existence 
of another transition having 
an energy close to 0.64 Mev. 

There are several pos- 
sible explanations for the 
observed self-coincidences 
of the 0.64 and 0.74 Mev 7- 
rays: a) with the gate of 
the single-channel analyzer 
set for the 0.64 Mev or 0.74 
Mev peak a portion of the 
y-rays belonging to the other 
peak was passed; b) some of 
the 'self-coincidences" were 
caused by the Compton distri- 
bution from higher energy 7- 
rays. These reasons are suf- 
ficient to explain the self- 
coincidences of the 0.74 Mev 
y-rays, but do not suffice 
to account for the intensity 
of the 0.64 Mev self-coinci- 
dences. 

Control experiments were 
carried out in order to check 


whether these self-coincidences were true. The width of the single-channel ana- 
lyzer gate was reduced, which increased the proportion of y-rays corresponding to 
the given transition relative to the distribution from all other y-rays in the 
same energy range. Under these conditions the 0.74 Mev y-ray self-coincidence 
peak was substantially diminished. This indicates that the '"self-coincidences" 
of 0.74 Mev y-rays are explained by the reasons adduced above. In the case of 
0.64 Mev y-rays, however, the self-coincidence peak did not diminish noticeably, 


indicating that these are true coincidences. 


In addition, we investigated coincidences with different sections of the 
high-energy part of the spectrum: the fixed channel was set at fice aed Leos 
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Fig.6. Level diagram for Sm146, 


Fig.5. Coincidence spectra: a) with 2.4 
Mev y-rays, b) with 2.1 Mev y-rays. 1.5, 1.3, 1.1 and 0.9 Mev. As will be 

evident from Fig.5, in the spectrum of 
coincidences with 2.4 Mev y-rays the 0.74 Mev peak is strongly evinced, while 
the 0.64 Mev peak is weaker, which agrees with the results of the coincidence 
experiments with the 0.64 Mev y-rays. In the spectrum of coincidences with the 
2.1 Mev y-rays, both peaks are present and well defined. 

The presence of some 0.64 Mev y-rays in the coincidence spectrum with the 
2.4 Mev y-rays can be explained by the fact that the gate of the single-channel 
analyzer when set to 2.4 Mev also passed a number of the 2.1 Mev y-rays. In this 
particular experiment it was necessary to use a wide gate in the analyzer because 
the abundance of 2.4 Mev y-rays is rather low and the efficiency in detecting 
them is relatively poor. 

Measurements of coincidences with the y-rays in the 0.9, 1.1 and 1.3 Mev re- 
gions give 0.64 and 0.74 Mev peaks of about equal intensity. However, in the 
spectrum of coincidences with the 1.5 Mev y-rays there is observed a marked in- 
crease in the height of the 0.74 Mev peak, which agrees with the results for co- 
incidences with the 0.64 Mev y-rays, and gives reason to assume that the 1.5 and 
0.64 Mev transitions are not in cascade. It follows that in the 0.64—0.74 Mev 
cascade the 0.74 Mev transition is the lower one, since the 1.5 Mev and 2.4 Mev 
transitions go directly to the 0.74 Mev level. Regarding the other transitions, 
it can be affirmed that they feed the 1.38 Mev level. 

Neither in the singles spectrum nor in the coincidence spectra did we ob- 
serve a cross-over transition from the 1.38 Mev level to the ground state with 
an intensity >0.05 that of the 0.74 transition. 

In conclusion we propose the version of the decay scheme for Eul46 shown in 
Fig.6; this is consistent with the results of this investigation. The Eul46 to 
Sml146 disintegration energy equals 3350 kev according to Cameron's formula and 
3700 kev according to Levy's formula’, which allows the existence of the inferred 
levels up to 3.5 Mev. 

Some of the transitions evinced in the coincidence measurements are probably 
components of the groups listed in the table (for example, the 1.07 Mev line is 


_ presumably a member of the ~1.1 Mev group). 


We detected 280 kev y-rays which yield coincidences with y-rays in the 115- 


120 kev region; presumably these y-rays pertain to the decay of Gdl46 or Eul47, 


as ee 
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LEVELS OF Eul47, Eul49 AND Eul51 
- E.E.Berlovich, V.N.Klement'ev, L.V.Krasnov & M.K.Nikitin 


The level systematics of Eul47, Eul49 and Eul5l were investigated in the 
work of Bashilov et all by observation of photoelectrons and internal conversion 
electrons. The level diagrams of these isotopes have a number of common traits: 
in particular, all three nuclei presumably have a hus, level from which there de- 
part M2 type transitions, and E3 type transitions in Eul47 and Eul49, 

In an earlier study we established the existence of isomeric levels in all 
three nuclei and measured the lifetimes of these levels (see Ref.2). 

In the present work we investigated the level systems of these nuclei by 
means of a twin scintillation spectrometer. A brief description of the set-up 
and experimental procedure will be found in Ref.3 (preceding article). 

The source was the gadolinium fraction separated chromatographically from 
the rare earths formed by spallation of a tantalum target with 660 Mev protons 
in the Joint Institute for Nuclear Research synchrocyclotron. 


Eul47 


The y-spectrum of Gdl47 recorded on a single scintillation spectrometer is 
reproduced in Fig.l. There are observed the following y-rays: 230, 380 (370- 
396), 500, 620, 750, 900, 1100, 1300, 1550 and 1750 kev. To identify these lines 
the spectrum was recorded at different intervals after irradiation, which enabled 
us to make a rough evaluation of the decay periods corresponding to the differ- 
ent lines. 

Fig.2 shows the spectrum of prompt coincidences with the 230 kev y-rays of 
Gal47, There are evident coincidences of the following y-rays with the 230 kev 
gammas: 400, 550, 620, 770, 900, 1100, 1300 and 1550 kev. In addition, there 
were detected prompt coincidences of the 400 kev y-rays with the 230 kev y-rays, 
of the 500 kev y-region with the 230 kev y-rays, of the 900 kev y-rays with the 
230 and 620 kev y-rays, and of the 1550 kev y-rays with the 230 kev y-rays. The 
1750 kev gammas do not yield coincidences with any of the y-rays. In the spec- 
a # coincidences with the 1750 y-rays there is evident only the K x-ray peak 

&e e 

We also investigated delayed coincidences. As was shown in Ref.2, the level 

at 625 kev is an isomeric level with T = (7.1 + 0.4)°1077 sec. It was established 
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that the 230, 400 and 625 kev 
Y-rays yield delayed coinci- 
dences with the 370 and 930 
kev gammas and apparently 
with y-rays having energies 
of about 510 and 570 kev. 
By way of illustration of 
coincidences of this type 
in Fig.4 we reproduce the 
spectrum of delayed coinci- 
dences with the 625 kev gam- 
mas. There were observed 
coincidences of both the 370 
kev 7-rays and the 930 kev 
Y-rays with the 230, 400 and 
625 kev gammas. In addition, 
measurement of the delay co- 
incidences with the y-rays 
in the 500 to 600 kev region 
also showed coincidences with 
the same 230, 400 and 625 
kev gammas. The spectrum of 
delay coincidences with the 
930 kev y-rays is shown in 
Fig.5. 

Our results are in good 
agreement with the decay 


y 20 70 60 20 0 scheme for Gal47 proposed 
Channel by Bashilov et al+. However, 
Fig.l. y-Spectrum of Gal47, in view of the complexity of 


the Gdl47 decay scheme and 
owing to the presence of a large number of y-transitions close in energy, transi- 
tions which cannot be resolved by means of a scintillation spectrometer, we were 
unable to check the location of all the y-transitions indicated in Ref.1. 

Fig.6 shows the level diagram of Eul47 consistent with our measurements; 
this diagram agrees in general with the scheme proposed in Ref.1. No additional 
levels need be introduced to accomodate the newly detected 1550 and 1750 kev 
transitions. They can be interpreted as transitions from the 1742 kev level to 
the first excited state and ground state, respectively. In view of the fact that 
there were observed prompt coincidences between the 1100 and 230 kev 7y-rays, the 
1100 kev transition apparently cannot be identified with the 1130 kev transition 
indicated in the decay scheme proposed by Bashilov et al. In order to insert 
the 1100 kev transition into the decay scheme one must introduce a new level at 
1330 kev. 

The existence of prompt 230-400 kev coincidences is in agreement with the 
results of Dzhelepov & Sergienko* on e7-e~ coincidences. The existence of coin- 
cidences of 230 kev y-rays with the 770 and 900 kev gammas is substantiated by 
the measurements carried out on a B-y coincidence spectrometer (see Ref.5). 


Eul49 


In the spectrum of Gal42 there were observed y-rays of the following ener- 
gies: 150, 300, 350, 500, 790 and 940 kev, which is in agreement with the results 
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<Fig.2. Spectrum of prompt coinci- 
mid dences with the oe kev y-rays of 


SS 


200 


Channel 


Fig.3. 1) Spectrum of coinci- 

dences with the 1550 kev 7-rays 

of Gdl47, 2) spectrum of coin- 

cidences with the 1750 kev 7- 
rays of Gal47, 


Channel 


of Bashilov et all. It was found that the 150 kev ¥-rays yield prompt coinci- 
dences with the 350, 520 and 790 kev gammas (Fig.7). There were also observed 
coincidences of the 350, 520 and 790 kev y-rays with the 150 kev gammas. Coin- 
cidences between the 150 and 350 kev y-rays were also observed in the work of 
Sergienko4 and Strominger®. Strominger also detected coincidences of the 150 
kev y-rays with the 500 and 750 kev y-rays; these coincidences probably corre- 
spond to the coincidences observed by us between the 150 y-rays and the 520 and 
790 kev gammas. The 750-630 kev coincidences reported by Strominger® probably 
pertain to the decay of Eul46 forming from Gdl46 (see Ref.3). 

As was shown in Ref.2, the level at 496 kev is an isomeric level with a life- 
time of (2.48 + 0.05)-10-6 sec. We also carried out measurements of delayed co- 
incidences. In the spectra of delayed coincidences with the 150, 350 and 500 kev 
y-rays there are present 300 kev gammas, but no higher energy y-rays with an in- 
tensity exceeding 5% relative to the intensity of the 300 kev line. By way of 
illustration in Fig.8 we show the delayed coincidence spectrum with one arm of 
the spectrometer set on 350 kev. The spectrum of delayed coincidences with the 
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Fig.4. Spectrum of delayed coincidences with Fig.5. Spectrum of delayed coinci- 
the 625 kev y-rays of Gal47, dences with the 930 kev y-rays of 
Gal 47, 
Gd 
VVIiV///))/_ 800 kev y-rays is repro- 
/ duced in Fig.9. It will 
le be evident from this fig- 
1742 ure that coincidences are 
1556 apn TO observed with the 150, 

617 350 and 500 kev y-rays. 
mae sia 937 elke lyriy le These measurements clearly 
1125 | indicate that the 300 kev 
Re jee Rag ge | | transition is situated 

370 1330 1100 1742 above the isomeric level. 
778 
, LIne y252 
996 549 766 
G25 
ie It was shown in the 
229 ae Ive work of Ref.2 and by 
d Shirley & Rasmussen’ that 
4 eet the Eul51 nucleus has an 
py? isomeric level that is 
Fig.6. Level diagram of Eul47. situated above the 175 


kev transition; according 
to Ref.2 the lifetime of the isomeric level is (5.840.3)-1075 sec. Sergienko4 
showed that the 175 kev y-rays yield coincidences with the 22 kev y-rays. Thus 


the energy of the isomeric level is presumably 197 kev. : ves 
In the present work we investigated delayed coincidences in Eu . It was 
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found that the 175 kev y-rays yield coincidences with the 155 kev gammas. The 


spectrum of delayed coincidences with the 175 kev y-rays is shown in Fig.10. 


We observed no delayed coincidences with the 243 kev Y-rays with delays in 
either arm of the spectrometer, which indicates that this transition is not lo- 
cated above the isomeric level. Moreover, the 243 kev y-transition is not in 
prompt cascade with the 175 kev transition inasmuch as in the experiments in 


which the 155 kev y-rays were delayed and coincidences with the entire spectra 
recorded, the 243 kev y-rays were not evinced. 


"A.F,Ioffe'' Physical-Technical Institute, 
Academy of Sciences of the USSR 
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Note added in proof: After presentation of this report, we established the ex- 


istence of a 108-243 kev cascade, which can readily be located between the known 


352 kev level and the ground state of Eul5l, This involves the introduction of 
a level at 243 kev, which is populated mainly by K capture in Gd15l, 
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MEASUREMENTS OF THE LIFETIMES OF THE FIRST EXCITED STATES OF Tb159 AND Yb173 
BY MEANS OF A MULTICHANNEL TIME ANALYZER 
- E,E.Berlovich, M.P.Bonitz* & V.V.Nikitin 


Introduction 


Multichannel time analyzers are coming into increasing use for measuring 
the lifetimes of excited nuclear states.1-8 

The procedure based on use of a multichannel time analyzer has a pelel of 
advantages over the "classical" single-channel time analyzer technique.” One of 
the principal advantages is that the measuring time is appreciably reduced. In 
addition, the multichannel time analyzer method, based on the principle of con- 
version of time intervals to corresponding electric pulse amplitudes, differs 
from the "classical" procedure in a number of important respects.8 For example, 
the coincidence counting efficiency does not depend on the energy of the coincid- 
ing particles and is always 100%. On the other hand, the time scale is not con- 
stant, but requires redetermination with every change in the experimental condi- 
tions. 

The instrument developed by us and described below satisfies the require- 
ments set for multichannel time analyzers: linearity in the working range, in- 
crease in the converter output amplitudes with increase of the delay between the 
coinciding pulses, unambiguous relationship between the converter output ampli- 
tude and the delay between the pulses, and convenient procedure for determining 
the time scale. Very important is the method employed by us for checking the 
choice of experimental conditions® , i.e., the method of eliminating possible ap- 
paratus time shifts, which is particularly important in measuring lifetimes of 
the order of 10-19-10-11 sec in the case of low energy transitions. 


1. Description of the Time Analyzer 


As will be evident from the block diagram reproduced in Fig.1, the apparatus 
comprises a "slow' part (amplifiers, differential discriminators and a "slow'' 
triple coincidence circuit) and a "fast'' part (pulse limiters, shaping cables, 
variable delay line and time-to-amplitude converter). 

Here we shall describe only the "fast" part, which is diagramed in Fig.2. 
The pulses A and B, shaped in duration and amplitude, the time delay between which 
is subject to variation, are fed into the spiral delay line.9,10 The pav type 
crystal diode Dj serves as a converter. In a certain range of delays between A 
and B, the output amplitude I is a linear function of the delay time (Fig.3). The 
crystal diode Dg fulfills the function of a coincidence control circuit; the pur- 
pose of this circuit is to reduce the number of chance coincidences by half and 
to insure an unambiguous relation between the output amplitude of the converter 
and the delay between pulses. The diodes are cut off for single pulses by means 
of a positive bias. (Actually, a part of single pulses passes through the di- 
odes; the control procedure described below is based on this fact.) The pulse 
spectrum from the converter output is applied through an amplifier to the pulse 
height analyzer, which records the coincidence curves. 

To obtain meaningful results the time scale must be determined for the spec- 
trum (curve) obtained by means of the pulse height analyzer. To this end a time 
delay At is introduced between the pulses A and B and the corresponding shift of 
the coincidence curves is determined (see Fig.3). The described system is ex- 
tremely convenient for stepless variation of the delay time from 10711 sec to 


*Dresden Polytechnic Institute. 


TC ae 


eel 


several microsec with an 
accuracy to 10711 sec. 

To illustrate the 
operation of the appara- 
tus "self-coincidence” 
and "prompt coincidence” 
curves are reproduced in 
Figs.4 & 5, respectively. 
For obtaining the self- 
coincidence curve the out- 
put pulses from one photo- 
multiplier are applied to 
both limiters and hence 
pulses A and B always 
reach the inputs of the 
delay lines simultaneous- 
ly. The control pulse 
for the pulse height analy- 
zer is taken from the out- 
put of the corresponding 
differential discriminator, 
the gate of which in our 
case was set on the "hard" 
Fig.l. Block diagram of the time analyzer: 1 - in- part of the Compton distri- 
vestigated source, 2 & 2' - photomultipliers, 3 & bution in the stilbene crys- 
3' -— vacuum tube limiters shaping the standard height tal receiving the radiation 
of pulses A and B, 4 - variable delay line with char- from a Co® gource. The 


acteristic impedance Z,; the duration (width) of given crystal occupied only 
pulses A and B is shaped by means of short circuited the central part (15 mm in 
cables with characteristic impedance Z,/2, 5 = con- diameter) of the FEU-33 
verter-coincidence control circuit system with di- photomultiplier cathode; 
odes Dj and Do, 6 & 6' - cathode followers, Eat athe the thickness of the crys- 
& 7"' - amplifiers, 8 & 8' - differential discrimin- tal was 3 mm. Under these 
ators, 9 - triple coincidence circuit supplying con- conditions the resolution 
trol pulses to the amplitude analyzer, 10 - constant 2t was less than 1.5-10710 
delay insuring the appropriate time sequence of the sec. With increase of the 
control and measuring pulses entering the pulse crystal dimensions to 30 x 
height analyzer, 11 - pulse height analyzer. x 30 mm the resolving time 


<-Fig.2. Diagram of the time- 
amplitude converter with control 
coincidence circuit: A & B - co- 
inciding pulses of duration /, 

Zo - characteristic impedance of 
the spiral variable delay line, 

D, - crystal diode of the time- 
amplitude converter, Dg - crystal 
diode of the coincidence control 
circuit, 4 - time separation be- 
tween Dy and Dy, C - stray capaci- 
ty, I & II - outputs to cathode 
followers. 
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Fig.3. Variation in the position of the coincidence curves with the delay. 
Fig.4. Self-coincidence curve in semilogarithmic coordinates. Channel width - 
2.11-1071! sec. 
Fig.5. Prompt coincidence curve for the cascade y-rays of C080 plotted in 
semilogarithmic coordinates. Channel width - 1.57°1071° sec. 


increased to 3.5°10719 sec. For the two cascade radiations from Co®9 under the 
former experimental conditions (with two separate detectors) there was obtained 
the prompt coincidence curve with a resolution of ~5-107-109 sec. 

This resolution is the optimum one. With larger crystals and lower radia- 
tion energies the resolution is impaired. Decrease in the resolution in going 
to lower energies of the particles in coincidence is due to increase of the scat- 
ter in the time (At)? of appearance of the first / photoelectrons on the photo- 
multiplier cathode; according to the formula of Post & Schitfl2 


2044 ; 
(1+ =C" the baat (1) 


nr 


2 
(uy? ie % i 
where 7” is the mean number of photoelectrons appearing in one scintillation, and 
Tp is the decay time of the phosphor. 

For this reason the coincidence curves obtained in determining the lifetimes 
of the first excited states of Tb159 and yb173 with energies of 58 and 79 kev, 
respectively, are characterized by a resolution substantially below the optimum 
one (Figs.6 & 7). In addition to its influence on the resolution, the energy 
also affects the position of the coincidence curve. The influence of the select- 
ed energy intervals of the particles in coincidence and the position of the co- 
incidence curve may be described as follows: 

a) With variation in energy (expressed in terms of ”)there is a corres pond- 
ing variation of the instant of the appearance of the /-th photoelectron on the 
cathode and hence on the anode of the photomultiplier: 


Tpl cae 
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This means that transition. from one energy of the coinciding particles to a dif- 
,ferent energy has the same effect as the introduction of an artificial delay, 
i.e., results in shift of the coincidence curve. 

b) In going from one energy to another (which can, for example, be readily 
realized in the continuous Compton spectrum from y-rays or a continuous B-spec- 
trum) there occurs a change in the leading and trailing edges of the shaped pul- 
ses A and B entering into the coincidence circuit; the lower the energy the long- 
er will be the rise and decay times of the pulses. It will be evident that lower 
energies will lead to lower amplitudes of the output pulses from the converter 
and hence to shift of the coincidence curve to the "left". 

Measurements of extremely short times are usually carried out by determining 
the shift of the center of gravity of the coincidence curve for the measured 
source relative to the center of gravity of the coincidence curve obtained with 
a reference source (with a vanishingly short or well-known lifetime). It follows 
that to exclude the apparatus time shifts one must either insure the same energy 
intervals for the investigated and reference sources!? or in cases when this is 
impossible, one must take into account the apparatus shifts, as has been done in 
a number of investigationsl4,15, 

In practice, however, even fulfillment of the requirement of equivalence of 
the energy intervals in measurements with two sources proved to be insufficient: 
owing to the finite width of these intervals the variation of the spectra inside 
these intervals for the two sources produces some effect!4,16, The magnitude of 
this effect is such that a 2% difference (in the energy scale) in the positions 
of the centers of gravity of the spectra of the two sources in one of the inter- 
vals produces a time shift of the coincidence curve amounting to 10711 sec. 

One of the factors giving rise to the apparatus time shift of the coinci- 
dence curve is incorrect choice of the intensity of the compared sources. Change 
in the intensity of the source leads to change in the amplification factor of the 
photomultipliers and the amplifiers in the side channels. Experiments show that 
these changes are minimal for close integral intensities of the compared sources. 

The influence of the above factors (shape of the spectra in the working in- 
terval and the intensity of the sources) can be checked and monitored by means of 
the following “single pulse curve control" procedure. This procedure consists 
in utilizing single pulses that pass through the cut-off converter diode owing 
to the presence of stray capacitance and the finite value of the back resistance 
of the diode. These pulses after amplification are subjected to pulse height 
analysis. The pulse height analyzer is set to admit only pulses corresponding 
to the chosen energy interval. The single pulse curves obtained in this manner 
vary in shape and position depending on the choice of the spectrum interval: at 
higher energies there are obtained higher amplitudes of the single pulses and a 
lesser width of the distribution curves. This is explained by the above-mentioned 
influence of the energy both on the steepness of the leading and trailing edges 
of the pulses A and B and on the scatter in steepness. Thus the shape and aie 
tion of the single pulse curves characterize the amplitude spectrum in the 3 a 
channel. Obviously, the intensity of the source, because of the above note poe 
fluence of the intensity on the amplification, affects the single pulse spectrum 

er. 
3 ree eapek performance of the experiment one must do the following: 

1. Roughly select the necessary energy intervals for the investigated source. 

2. Provide approximately equal integral intensities of the co ee eee 
ference sources (if the detected radiation CONT AES of electrons equ 
intensity can be carried out by means of apertures/. 
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3. Adjust and set the position and width of the gates in the side channels 
so that the position and shape of the single pulse curves for the investigated 
and reference sources will coincide. 

It may be noted that the single pulse control procedure can be carried out 
very rapidly if, for example, for rapid interchange of sources one uses a light 
shutter and for the pulse height analyzer an AI-100 type analyzer, on the screen 
of which one can view the single pulse curves for a sufficient length of time. 
The above described procedure was rigorously adhered to in carrying out the ex- 
periments described below. 


2. Description of the Experiments 
The 58 kev level of Tb 


The 58 kev transition is the most intense transition in Tb159 formed in the 
decay of Dy!59 py electron capture. This transition is strongly converted17,18; 
hence it is convenient to measure the lifetime of the 58 kev level by detecting 
coincidences of the L shell conversion electrons with the characteristic 43 kev 
x-rays accompanying the electron capture. The gate in the left channel (pulses 
B, Fig.1) was set on the L electron spectrum, obtained by means of a thin (<1 mm) 
stilbene crystal. The number of 58 kev y-rays detected by the crystal is negli- 
gibly small. The gate in the right channel (pulses A) was set on the photopeak 
from the x-rays which is clearly evinced in a thick (30 x 30 mm) stilbene crys- 
tal. 

One of the experimental difficulties is that the expected shift of the Xcap7e 
delayed coincidence curve is reduced by half because these coincidences cannot 
be separated from the prompt coincidences between the conversion electrons and 
the x-rays accompanying them (e-xgony coincidences). 

Another difficulty is that the spectrum of Dyl59 is very "short", while the 

spectrum of C060 which we 


Table 1 first selected as the re- 
Lifetimes of the 279 kev state of T1293 according ference source, is very 
to the data of different authors "long"; consequently, the 


expected number of coinci- 
dences for Co®9 in the re- 
quisite energy intervals 

is small. In order to 
eliminate the influence of 
possible drift of the elec- 


Method 


Coulomb excitation 


Resonance scattering 21 tronic circuits one must 
carry out the measurements 
22 alternately for equal times 
16 for Dy59 and for the re- 
Delay coincidences 23 ference source, but owing 
24 to the low coincidence rate 
8 for Co®° there would in 


this case be required an 
inordinately long experimental time to obtain reliable statistics. It would be 


desirable, of course, to have a reference source with a "shorter" spectrum and a 
short level lifetime. However, since level lifetimes generally vary inversely 
with the transition energy, it was virtually impossible to find the source with a 
transition energy close to the radiation energy of Dy159 and a vanishingly short 
lifetime of the level, so as a compromise we had to choose Hg203, which decays b 
emission of B-particles with an end-point energy of 200 kev to i 279 kev ieee 


—t2L0—— 


N, of T1203, The life- 
3000 time of this state has 
been measured by a 
number of authors 
(Refs.8,16,19-24) and 
the results obtained 
are in good agreement, 
as may be seen in 
Table 1. The weighted 
mean of all the listed 
values for the half- 
life of the 279 kev 
state of T1203 is 


2000 


£tT=2,9. NSEC 


T = (2.90 + 
+ 0.12)°10719 sec, 


The coincidence curves 
obtained in these ex- 
periments are repro- 
duced in Fig.6. The 
relative shift of the 
centers of gravity of 


10 20 30 the curves is the sum 
Channel No. THe + (1/2)Tp, because 
the B-¥ coincidences 
Fig.6. Coincidence curves obtained for determining the for Hg203 and the 7-6 
lifetime of the first excited state of Tb159, Channel coincidences for Dy159 
width 1.92°10-19 sec. Open circles - points obtained have a tendency to 
for the Dy159 source; solid circles - points for the shift the curves in 


Hg293 reference source. Insert - decay scheme for Dy159, opposite directions. 

In view of the proper- 
ties of the analyzer described above, the coincidence curve is shifted to the 
side of the input of the pulses from the preceding radiation. Hence in Fig.6 the 
curve for the Hg293 case is located to the left of the curve for Dy159, Analysis 
of the experimental curves leads to the following value for the half-life of the 
58 kev state of Tb159; 


T = (1.3 + 0.4)°10719 sec. 


Ketelle & Brosil® in studying the decay of Dy159 showed that the half-life of the 
58 kev level in Tb159 is <10-9 sec. 


The 79 kev level of Ybl73 


The strongly converted29 79 kev transition in yb!73 is in cascade with an 
intense transition of 272 kev energy. A special experiment carried out with an 
aluminum absorber for stopping the conversion electrons showed that owing to the 
low efficiency of the stilbene crystal in detecting y-rays the coincidences of 


the 272 kev y-rays with the preceding K x-rays can be neglected. A resonance ab- 
- sorber consisting of 1 mm phosphor bronze was mounted in front of the large crys- 
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tal in order to decrease the load due to x-rays. os 
By way of reference source in these experiments we used Co inasmuch as the 
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requisite energy intervals 
here lie higher than in 
the case of Dy159; more- 
over in the case of Lul73 
637 only a small fraction of 
the total load partici- 
pates in the investigated 
coincidences, so that the 
counting rate for the Lul73 
and Co®9° sources proved to 
be approximately equal. 
The measurement procedure 
was analogous to that for 
the Dy159 source. The 
curves obtained in one of 
several series of measure- 
ments are reproduced in 
Fig.7. Analysis of the 
results led to the follow- 
ing value for the half- 
life of the 79 kev level 
in YbL73. 
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Fig.7. Coincidence curves obtained for determining 3. Discussion of the 
the lifetime of the first excited state of Yb!73, Results 
Channel width 2.16°10719 sec. Open circles - points 
obtained for the Lul73 source; solid circles - Both the investigated 
points for the Co69 reference source. Insert - de- transitions are nearly 

cay scheme for Lul73, pure Ml. In the case of 


the 78.7 kev transition in 
ybl73 | according to the most reliable data of Romanov et a125, the admixture of 
E2 is 4.5%. There are no precise data on the admixture for the 58 kev transition 
in Tb!59, Mihelich et ail give the following ratios for the conversion coeffi- 
cients: Ly:Lyy:Lyyyz:M:N = 1000 : 140 : 125 : 305: 80. 

Attempts to determine the admixture of E2 by using the theoretical values of 
the L subshell conversion coefficients calculated taking into account finite nu- 
clear size2® and using M shell conversion coefficients evaluated without taking 
finite nuclear size into account27 led to values of the order of 1-2% for the 
admixture, but it proved impossible to obtain conversion coefficient ratios rea- 
sonably close to those cited above by any choice of admixture. Possibly this is 
connected with inaccuracies in determining the experimental ratios, owing to the 
low energy of the electrons involved. 

Knowledge of the periods for magnetic dipole transitions and of the nuclear 
magnetic moments makes it possible to determine the collective motion and in- 


ternal motion (single-particle) gyromagnetic ratios gr and gx by means of the re- 
lationship 


| PONE 
n (M1) = 5% tls) B(M1) |, 


(3) 
where the reduced Ml transition probability 
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Table 2 

omparison of the reduced transition probabilities, gyromagnetic ratios 

and values of Q, following from the results of the present investigation 
and from other studies 
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In using the Coulomb excitation method the reduced E2 transition probability 
B (£2) is determined from experiment, while the value of (M1) is calculated from 


the intensity ratio on. In cases, however, when the Ml component greatly 
predominates, determination of the gyromagnetic ratios by the method of Coulomb 
excitation proves to be unreliable inasmuch as it is based on precise knowledge 
of the small admixture of E2. 

Obviously, in this situation, which is not uncommon, it is expedient to make 
direct measurements of the level lifetimes by the method of delay coincidences. 

In Table 2 we list the results of our measurements together with the data of 
other authors. Column 4 gives the values of the radiative half-life 7,(M1), 
while column 7 gives the values of the reduced Ml transition probability 5(M1)|, 
calculated for the E2 admixtures indicated in column 2. In view of the great pre- 
dominance of the Ml component, minor variation in the admixture has virtually no 
effect on the calculated values of 7,(M1) and 5(M1). 

In columns 9 and 10 of Table 2 we list, respectively, the values of g, and gr. 

For the two assumed admixtures (4% and 2%) for the 58 kev transition in TbL59 
the gyromagnetic ratios, like the reduced probabilities B(i/1), are virtually the 
same. In contrast, the value of B(F2)| (column 11) shows a strong dependence on 


the amount of admixture. . 
The values of the g factors for Tb159 obtained in the work of Huus et al? 


and in the work of Martin et al29 from Coulomb excitation of the 137 kev level 


differ greatly from our values. 
In order to obtain on the basis of our measurements reasonable values for 


the internal quadrupole moment of Tb!59 it must be assumed that the admixture of 
E2 in the 58 kev radiation is about 4%. 
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The experimental value of the magnetic moment of Tb459 was determined by 
Baker & Bleaney9, who give p = +1.5 n.m., but did not determine the sign from 
experiment. It may be noted, however, that most odd-Z nuclei have positive mag- 
netic moments; in cases when they are negative the absolute values are small and 
generally do not exceed 0.2 nuclear magnetons. In view of this the plus sign was 
chosen. The sign of the ratio g,—gp/Q, Was determined from angular correla- 
tion experiments22, consequently of the two sets of values of g, and gp obtained 
in solving Eqs.(4) and (5), one was chosen. 

Our values for the gyromagnetic ratios of Tb173 are gp = 0.35 + 0.04 and 
Se = -0.52 + 0.02; these are close to the values obtained by deBoer et a131 from 
Coulomb excitation of the 78.7 kev level. In view of the fact that the admixture 
of E2 is fairly reliably known to be 4.5% in this case29 , the values of the re- 
duced E2 transition probability B(E2)| and the internal quadrupole moment (Qo (8.4 
barns) calculated by us are in reasonably good agreement with the corresponding 
results obtained from Coulomb excitation experiments?! , 32, 

It is interesting to note that the values of the collective motion gyromag- 
netic ratios obtained in our experiments, namely, (gp)pp.. = 0.44 + 0.10 and 
(gr)ypn = 0.35 + 0.04, agree within the limits of the experimental error with the 
evaluations based on the unified nuclear model for uniformly distributed charge, 
which yield 0.41 for Tb159 and 0.4 for Yb173, 


"A.F.loffe'' Physical-Technical Institute, 
Academy of Sciences of the USSR 
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DETERMINATION OF THE K FLUORESCENCE COEFFICIENTS OF V°l, Mn955, CuS5 and Ga71« 
- A.A.Konstantinov, I.A.Sokolova & T.E.Sazenova 


Knowledge of the precise values of the K fluorescence coefficients are es- 
sential for the solution of many problems involving radioactive isotopes. The 
experimental values of the fluorescence coefficients reported in the literature 
differ and in most cases diverge from the values obtained by theoretical calcu- 
lations.1 

We determined the K fluorescence coefficients of yl | Mn55 | Cu®5 and Ga? 
by the procedure of determining the absolute number of K Auger electrons and K 
x-rays emitted by the source by means of a 4x proportional counter. Actually, 
determination of the absolute number of K Auger electrons emitted by an electron 
capture isotope by means of a 4x proportional counter is a difficult experimental 
task. The principal difficulties stem from the fact that Auger electrons with 
an energy of 5-10 kev have a very short range (80-160 ug/em2) and, consequently, 
are strongly absorbed in the source itself. Hence to keep self-absorption of 
the Augers below 1% one must prepare the source with a superficial density of 
the order of 10-8 g/cm? (invisible layer). Moreover, the absolute count of the 
K Auger electrons must be carried out in a 4x solid angle; consequently, the 
source must be applied to a very thin supporting film (0.07-0.09 microns) so that 
the absorption of K Augers in the film will not exceed 20%. 

Determinations of the absolute number of K x-rays emitted by the electron 
capture sources were carried out by the method of three fillings of the 4x count- 
er developed by Konstantinov”. 

To insure normal operation of the 4x counter it is desirable to have a source 
with an activity of about 10-8 curie. If one uses a radioactive isotope with a 
specific activity of 500 mC/g, then in case of application of material with an 

*The original report was reported at the Tenth All-Union peer ene e on Nu- 
clear Spectroscopy. The data on the K fluorescence coefficient of Mn°° were ob- 


tained after the Conference. 
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activity of 1078 curie over a surface area of 2 to 7 
cm“, we obtain a superficial density of the active 
layer of the order of 10-8 g/cm2. 

The thin films that served as the backing were 
prepared of vinyl perchloride and were lightly alu- 
minized on both sides. The active material was ap- 
plied to the film by vacuum evaporation. In each 
experiment the prepared source was inserted into the 
4x counter (Fig.1) which, as usual, consisted of two 
2x counters. The 4x counter was filled with methane 
at a pressure of 20 cm Hg. At this methane pressure 
the counter detects only Auger electrons, inasmuch 
as the K x-rays of Mn°9 (Fe55) , CuS5(zn®5) and Ga? 
(Ge71) are virtually not absorbed, while the K x-rays 
of v5l(cr51) are absorbed in the methane in an amount 
not exceeding 1%. 

In Figs.2,3 and 4 we reproduce the energy distri- 
butions of the Augers from Ga?71(Ge71) recorded by 
means of a single-channel differential pulse height 
analyzer from the first and second halves of the 4x 
Fig.1. Diagram of the 4x counter and from both halves together. The Auger 


proportional counter: 1) electron spectra from the first half (the side to 
frame with aluminum foil, which the source is turned) and from both halves of 
2) polystyrene lead-in the 4x counter both have two peaks corresponding to 
seals, 3) counter housing, L and K Auger electrons. Between the two peaks there 
4) source, 5) filament, is evident a certain amount of K Auger electrons that 
6) stand, 7) brass base lost part of their energy in the source itself and 
plate, 8) valve. also in reflection from the film and gas filling the 


counter. The energy distribution of Auger electrons 
in the second half of the 4x counter has only one peak corresponding to K Auger 
electrons inasmuch as all the L Auger electrons are completely stopped by the 
supporting filn. 

For determining the total number JVi2 of K Auger electrons detected simultane- 
ously by both halves of the 4x counter and the number J; detected by the first 
half of the 4x counter one must extrapolate over the energy distribution in order 
to exclude the L Auger peak. The total number J). of K Auger electrons detected 
by the second half of the 4x counter is determined from the integral count. The 
following three equations can readily be written for JN;, Ne and Nj: 


Nv 
15 
09 
O3 
20> 46. 60. 80 100 a 20 40 60 80 100 Y 2. 80. .60 8b athe 
Bias, v Bias, v B; 
‘ : aS V 
Fig.2 Fig.3 Fig.4 : 


Fig.2. Spectrum of Ga‘l Auger electrons from the first half of the 4x counter 
filled with methane at a pressure of 20 cm He. 
Fig.3. Spectrum of Ga’l Auger electrons from the second half of the 4x counter 
Fig.4. Spectrum of Ga’l Auger electrons from both halves of the 4x eounteem 
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ensiibe, 

Oley th = 8 1.3); (1) 
NSB hear a (2) 
gree = (2. ee 2A) (3) 


where /Vo is the total number of K Auger electrons emitted by the source in the 4x 
solid angle, 4 is the coefficient of reflection of K Auger electrons for the giv- 
en film, B. is the coefficient of self-absorption of the K Auger electrons, /, is 
a coefficient characterizing the increase in the number of K Auger electrons in 
the first half of the 4x counter owing to reflection from the gas in the second 
half of the counter, T is the coefficient of true absorption of the K Auger elec- 
trons in the given film, and f/f, is a coefficient characterizing the increase in 
the number of K electrons in the second half of the counter owing to reflection 
from the gas in the first half of the 4x counter. 

Reflection of the K Auger electrons from the gas filling the counter is ex- 
plained by the fact that the gas pressure in the counter is such that the range 
of the 5 to 10 kev Auger electrons is appreciably shorter than the distance from 
the source to the counter walls. 

Below we shall show that self-absorption for sources with a superficial den- 
sity of 10-8 g/cm? does not exceed 10% and, consequently, the term B can be neg- 
lected so that Eqs.(1), (2) and (3) can be rewritten: 


Ni No 


ARES ace US ae (4) 
N, = "2 (4 —k—t+ fr), (5) 
Nis = = ear). (6) 


For calculating No from Eq.(6) one must know T; this coefficient was deter- 
mined by means of auxiliary measurements with a source which was covered with a 
film of the same thickness (this is the same procedure as is used in determining 
the activity of B-active nuclides3?). In this case the source is located between 
two identical films. The absorption in each of the films is 


Serkan ak) Seco eto oe 


Let 3 and NV: be the integral counts obtained during a certain period from 
the first and second halves of the 4x counter, respectively, and 3, be the inte- 
gral count for the two halves; then 


= UNiAoA \ 
No= N,==~(1— at fs); (8) 
: N Qn 9 
Nou = (2—7=) ( ) 
. In determining the activity of B-nuclides, when k<1i, the coefficient of 

reflection in (9) can be neglected; then, Eqs. (8) and (9) reduce to 
3 N 

Ng=N, eae (teas) (10) 
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(2 20): (11) 
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From Eqs. (6) and (11) we readily obtain 


(13) 
N= oN tee 


For 5-10 kev Auger electrons the coefficient of reflection k from films 
0.05-0.07 microns thick is approximately 10-25%. One cannot neglect a coeffici- 
ent of this magnitude in Eqs.(10) and (11) without introducing a substantial er- 
ror in the determined absolute number of K Auger electrons. But inasmuch as the 
coefficients f, and f, in our case are small and their sum does not exceed 10%, 
we can set f; = f,, and then from (4) and (5) we obtain 


Ny, See! = NPS = (1 -- k), (14) 


Making use of (6), (9), (14) and (15) to perform the obvious substitutions, 
we obtain the following relationships: 


NN 
Le 16 
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For a vinyl perchloride film 0.07-0.09 microns thick (8-10 g/cm?) the coef- 
ficient of true absorption for 
K fluorescence coefficients w, of the K Auger electrons emitted 
v5l, Mn95, CuS5 and Ga7l by the investigated isotopes 
Calculated by the semi- is 4 to 15%. 
empirical formulas of The coefficient of self- 
absorption of K Auger electrons 
can be evaluated from the coef- 
ficient of true absorption: if 


Element | Our results 


0.2340.02 


Mn 0.2740.02 0.24 a film 0.07-0.09 microns thick 
ee 0.42+0.02 0.39 absorbs 4-15%, an active layer 
Ga 0.4740.02 0.46 with a superficial density of 


10-8 g/cm2 will absorb appreci- 
ably less than 1%. 


The value of the K fluorescence coefficient ox is given by the formula 
Nx 
On = vo ‘ 
No + No 
where Vj is the total number of K x-rays and No is the total number of K Auger 
electrons. 


Using the procedure outlined above and Eq.(19), we determined the K fluores- 
cence coefficients of V°l(Cr51) , mn55(Fe55) , cuS5(zn®5) and Ga71(Ge71). ‘The re- 
sults obtained are listed in the accompanying table. 


(19) 
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GAMMA-RADIATION FROM Tal82 
- N.A.Voinova, B.S.Dzhelepov & Yu.V.Khol'nov 


The y-ray spectrum of Tal82 is very complex: it is known to comprise over 
70 y-lines. 

The y-rays emitted by Tal82 are clearly separated in energy into two groups: 
soft y-rays (€350 kev) and hard y-rays (850 to 1450 kev). No y-rays have been 
detected in the intermediate energy region. The y-ray spectrum of Tal82 in the 
850 to 1450 kev region has been investigated in the greatest detail in the work 
of Voinova et al! and Vitman et al2 on magnetic spectrometers by observation of 
recoil electrons. 

The entire y-spectrum of Tal82 was covered in the measurements of Muller et 
al3, Murray et al? and Sumbaev’, carried out on crystal diffraction spectrometers 
and in the work of Fréman & Ryde® performed with a scintillation spectrometer. 

: Bachstrém? investigated the photoelectron spectrum corresponding to the hard 7- 
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Fig.1. Spectrum of photoelectrons ejected from a bismuth target by 
Tal82 y-rays. 
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Fig.2. High energy part of the Tai82 y-spectrum (background subtracted). 
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Fig.3. Resolution of the Tal82 y-spectrum (dashed lines) in the 1275 to 1700 kev 
region into components. Solid points and heavy solid lines - background; open 
points - effect. 


The relative y-ray intensities determined in the above-mentioned investiga- 
tions are shown, together with our data, in the table below. There is evident 
generally good agreement in the high energy region (except for the approximate 
results of Froéman & Ryde®), In contrast there are substantial divergences in 
the low energy part of the spectrum (Cf.Refs.4 & 6 and 3 & 5)4 

The purpose of the present work was to investigate the y-spectrum of Tal82 
in a wide energy range by means of the ritron® and the photoritron9, using a conm- 


mon intensity scale. The source was a neutron activated tantalum foil weighing 
2.8 g. The activity of the source was ~2 curie. 


- 225 - 


Relative intensities of the y-rays from Ta182 
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The experimental photoelectron curve obtained on the photoritron~ is shown 


in Fig.l. 

We determined the relative intensities of the y-rays (last column of the 
table) from the relative intensities of the photopeaks with appropriate correc- 
tions for the absorption in the source and the exit window of the instrument and 
using the spectral sensitivity function derived for the photoritron. 

The complex lines were resolved into components using standard line shapes. 

It will be evident from the table that our data are in good agreement with 
the results of Muller et al? and Sumbaev” and differ significantly from the data 
of Murray et al4 and Frdman & Ryde®. 

The high energy part of the y-spectrum of Tal82 was investigated by means of 
the ritron®. The experimental spectrum with the background subtracted is shown 
in Fig.2. The intensities of the hard lines, evaluated with appropriate correc- 
tions for absorption, are listed in the table. The resolution of the ritron does 

not allow of separating the lines as was done in the work of Refs.1 & 2. Hence, 
our intensities for the hard lines resolved by using standard line shapes (Fig. 
3) are less accurate than the results in Refs.l1 & 2. We paid particular atten- 
tion to the spectrum in the 1600 kev region inasmuch as one group of investiga- 
torsl0 reported the existence of a line of 1608.5 kev energy (no information re- 
garding the relative intensity of this line was given). It will be evident from 
Fig.3 that the number of coincidences in’ the 1600 kev region does not noticeably 


9 
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rise above the background. Hence it may be asserted that if 1608.5 kev y-rays do 
exist their intensity does not exceed 0.05% the intensity of the 1121.6 kev y-rays 


"v.G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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A HIGH-RESOLUTION IONIZATION ALPHA-SPECTROMETER 
- G.E.Kocharov & G.A. Korolev 


One of the chief means of investigating the collective levels of heavy nu- 
clei is by studying the fine structure of their Q-spectra. Once the energies 
and intensities of the fine structure components have been experimentally deter- 
mined, the distribution and nature of the levels of the daughter nuclei, the nu- 
clear deformation, and other parameters can be ascertained. 

Investigation of the fine structure of Q=-spectra has extended our understand- 
ing of nuclear structure and contributed substantially to the formulation of dif- 
ferent nuclear models. The progress made so far has been largely due to elabora- 
tion and improvement of experimental methods for investigating Q-radiation. Im- 
provement of measurement techniques expands experimental potentialities and makes 
it possible to solve hitherto unapproachable problems. For example, construction 
of an instrument with high-transmission and high-resolution enabled us to deter- 
mine the energies and intensities of a number of previously unknown Q-lines in 
the spectra of certain long-lived isotopes. 

In recent years several high-transmission magnetic Q-spectrometers have been 
constructed in the Soviet Union.1!>»2 Using such a spectrometer, Baranov et al2 
succeeded in studying Q-transitions with partial periods of up to 1010 years. 
Studies of alpha fine structure have revealed the need for studying even weaker 
Q-lines from sources with low specific activity, but present day magnetic Q-spec- 
trometers are inadequate for this purpose. 

In this respect the ionization chamber offers the best prospects. Ioniza- 
tion chambers have a transmission factor several orders greater than that of mag- 
netic spectrometers, but, unfortunately, are definitely inferior as regards ener- 
gy resolution. 

Up to 1955, when the present work was begun, the half-width of Q-lines mea- 
sured with ionization chambers was 50 to 70 kev. Since fine structure Q-lines 
are less than 50 kev apart, it was impossible to investigate them with such reso- 
lution; hence a significant increase in resolving power was called for. 

This article describes the high-transmission, high-resolution (Q-line half- 
width of 25 to 30 kev) Q-spectrometer designed by the authors and constructed in 
the Physical-Technical Institute. 


I. Energy Resolution of a Grid Ionization Chamber 


The heart of the Q-spectrometer is the ionization chamber shown in Fig.1. 
The chamber is filled with the working gas and a potential difference is ap- 
plied between the electrodes. When electrons move to the collecting electrode, 
voltage pulses are induced on the high voltage and collecting electrodes (Fig.2). 
The pulse amplitude on the collector is proportional to the Q-particle energy E, 
and is given by 
Ve 
‘ Cy’ (1) 
where V = E/u'is the number of ion pairs produced by the Q-particles, e is the 
electron charge, C, is the total capacitance of the collecting electrode with re- 
spect to ground, and uw is the mean energy required for production of an ion pair. 
The pulse amplitude on the high-voltage electrode is a function of Q-particle 
emergence angle: 
Vo= ba (4 — - cos 8), 


for d (2) 


+/000V ae aL ae f 
= @) 


| 9 ye 
-500V : 2 


Fig.1. Diagram of grid ioniza- 
tion chamber. 1 - Collecting 


electrode; 2 - high voltage 
electrode; 3 - grid. 


Fig.2. Shape of pulses on ionization chamber 
electrodes: a) on the high voltage electrode, 


b) on the collecting electrode. 


example of an intermediate angle.) 
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where @ is the Q-particle emergence (flight) 
angle relative to the normal to the electrode, 

X is the distance of the center of mass of the 
ions from the start of the track, d is distance 
between the high voltage electrode and the grid, 
and C, is the total capacitance of the high volt- 
age electrode relative to ground. 

Thus it is possible, using the pulses on the 
collecting and high voltage electrodes, to deter- 
mine simultaneously the energy and emergence 
angle of the Q-particles. 

The resolution of grid ionization chambers 
depends on the source thickness, gas purity, 
electronic noise, geometry and operating condi- 
tions of the ionization chamber, etc. 

To achieve good resolution a detailed study 
must be made of the causes of poor resolution in 
order to minimize their effect 
on Q-spectra. The causes of poor 
resolution can be divided into 
two groups according to their ef- 
fects on the Q-spectra: 

1. Electronic noise and 
fluctuations of the number of 
ion pairs produce a Gaussian dis- 
tribution of pulse amplitudes 
without shifting the position of 
the peak. 

2. Source thickness, attach- 
ment of electrons to electronega- 
tive impurities, inadequate 
screening by the grid, and the 


( 6, is an 


finite rise time of the pulse widen the Q-line and shift the peak toward lower 


energies. 


We shall characterize the energy resolution by the half-width of the Q-line, 


n=(Sm) 


where the IJ; are the contributions to the Q-line half-width due to the diverse 


factors mentioned above. 


Below we shall show that the chief factors influencing the resolution are 
ionization fluctuations and noise, which produce a Gaussian pulse distribution 


with half-width Ig=|/ 113-1 . 


We determined each of the remaining II; from the shape of the spectrum cor- 


responding to the particular factor. 
each Gaussian distribution on the final shape of the spectrum. 
tra we found the half-width Nc and the amount of displacement of the peak. 


In this way we determined the effect of 
From these spec- 
The 


effective half-width was then calculated by means of the formula I; = y/ 1&—1, 
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1. Ionization fluctuations 


An ionization chamber permits determination of the number of ion pairs form- 
ed by an Q-particle in the sensitive volume of the chamber. Actually, the total 
ionization produced by an Q=-particle fluctuates. The mean square fiNictdston in 
the number of ion pairs AN?= E/u when the number of single ionizations obeys Pois- 


son's law. In our case, however, this condition is not fulfilled, so AN? — f£# 
Sih 


The corresponding half-width is 
Ile = 2.35V FEu. (3) 


According to the theoretical calculations of Fano3, F varies in the range from 
1/3 to 1/2. 


The parameter / can be determined 
from our data. Since the resolution of 
the Po210 qg-line (half-width 25 kev) is 
determined chiefly by noise (II, = 16 kev) 
and fluctuation of the number of ion 
pairs, we find that IIl>~19 kev and hence 
Joma Yer 

Thus * # 1, and we have experimental- 
ly confirmed Fano's assumption that the 
number of single ionizations does not obey 
Poisson's law. 

Obviously, to lessen the effect of 
ionization fluctuation on the line half- 
width we must reduce the mean energy re- 
quired for production of an ion pair. 

By definition the mean energy for pair 
production is the ratio of the Q-particle 
Fig.3. Ratios of the mean energy for energy to the total number of ion pairs 


ion pair production in argon to the formed. When a charged particle is stop- 
mean energy for pair production in ped, part of its energy goes for excita- 
mixtures of gases as a function of tion of the gas atoms; approximately half 


the ionization potential of the "im- of the energy of an Q-particle is expend- 
purity" atoms. The figures in paren- ed on such excitation. Therefore, to in- 

theses indicate the impurity content crease the number of ion pairs, we must 
in percent. utilize this energy. This can be done by 

adding to the usual inert gas, some gas 

with an ionization potential lower than the excitation energy of the inert gas. 
An excited atom of the inert gas, for example, argon, can then ionize the "“impuri- 
ty" atoms upon collision. Fig.3 shows the experimental values of the mean pair - 
production energy (referred to the energy in argon) for different gas mixtures. ~*? 
Thus, it will be evident that the spectrometer resolution can be improved by using 


a mixture of gases. 


2. Noise 


Noise is another important factor affecting the energy resolution. The sig- 
nificant factor where physical measurements are concerned is the signal-to-noise 
ratio. The signal-to-noise ratio at the output of the amplifier depends upon the 
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parameters of the first tube of the amplifier and on proper choice of the pass- 
band. The last is determined by the time constants T;, and 7; of the differenti- 
ating and integrating circuits. The chief components of the noise are shot noise, 
grid current noise and thermal noise in the resistance of the amplifier input cir- 
cuit. However, with a sufficiently high input resistance, the thermal noise is 
minor compared to other noise. For the case of instantaneous rise of the pulse 

on the collecting electrode Elmore® has shown that the signal-to-noise ratio is 


greatest when 


ay 
myatinl/ se aS (4) 
Under these conditions the signal-to-noise ratio is given by 
us Sls 
=—=D—_., (5) 
ee a 


where k is the Boltzmann constant, 7 is the Kelvin temperature, S is the trans- 
conductance of the first amplifier tube, /s is the grid current (the sum of the 
absolute values of the electron and ion components) of the first tube, and Dis 
a proportionality constant. 

Obviously, the chief criterion for selecting the first tube of the amplifier 
is the ratio of transconductance to grid current ‘S//g. Knowledge of J/g and S is 
also necessary for proper selection of the amplifier passband. 

Tests showed that 6Zh1P tubes have the best noise properties. / It is most 
advantageous to operate these tubes at a plate voltage of 50 to 60 v and a fila- 
ment voltage of 4 to 6 v. Under these conditions the best selected 6Zh1P tubes 
have a grid current of 2-10711 amp and a transconductance of 2.5-3.0 ma/v. The 
measured ’ grid current is the difference between the electron and ion components, 
while the noise is determined by their sum. This was taken into account in selec- 
ting the tubes for the equipment. 

The signal-to-noise ratio increases with decrease of the total capacitance 
of the collecting electrode. The total capacitance is C} =C,. + Cj; + C.,, where 
C. is the capacitance of the collector relative to ground, Cj is the input capa- 
citance of the first amplifier tube and Cy is capacitance due to the chamber. 

We succeeded in reducing Cj below 15 pf with Cj +Co = 7 pf. 

The noise half-width was experimentally determined with an optimum passband 
characterized by 7ia—T7;i = 18 usec. We recorded differential pulse height spec- 
tra by feeding standard pulses into the amplifier. The amplitude of the stand- 
ard signal corresponded to pulses from 4.76 Mev Q-particles. The distribution 
was a Gaussian curve with a half-width of 16 kev. 


3. Influence of source thickness on resolution 


Particles emerging from the depth of the source or at large angles lose part 
of their energy in the source itself. Consequently, the Q-line half-width in- 
creases, and a low-energy tail develops. Analysis of the Q-spectrum is hindered 
in the presence of a large tail in the pulse distribution. Furthermore, the 
position of the peak is shifted because of finite source thickness. : 

It is important to know the effect of source thickness on the shape of the 
spectrum, not only for Q-spectroscopy but in general in investigating the emis- 
Beeaice particles from targets (studying nuclear reactions, absolute counting, 
etc.). 


Consider an Q-source of thickness ) (Fig.4) and extensive area. Let us 
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calculate the number of Q-particles with energy E that emerge through a surface 


prea dS. Taking R = aE”, we find that these particles must travel a distance 
in the source: 


% = Ry —ak" = R, (1—e%), 


E 
where BS tio is the initial Q-particle energy, Ry is the range in the source 
of an Q-particle with energy £,, n~1.5, and a is a proportionality constant. 
a) Thick source (h > Ro) 


Suppose a unit volume emits y Q-particles per unit time, then the number of 


particles impinging on the area dS from the spherical shell between x and x + dz, 
will be 


27 Ok 


dN, = dS I7\ dg | sin dcos dd = 185 sin? g 


0 0 


ke 


Recalling that dx = — Rone ™ ‘de, and integrating over the area of the source, we 
obtain 


aN. NoRon 
h 


= gn—1 
de 


NoRon 
ie e"—1 cos? Oy, (6) 
where No = yShk is the total number of particles emitted by the source per unit 


time. 


The second term in Eq.(6) appears as a result of collimation, i.e., when 
only the Q-particles in the angular range from 0 to %c are detected. 


b) Thin source 


(St). avd. units 
10 


Fig.4. Diagram for calculating 
the effect of source thickness 05 2 
on the spectrum shape. 
Fig.5. Energy distribution of Q-parti- 
cles emitted from a source: 1 - curve 
calculated using Eq.(6), 2 - curve cal- 0 eth ek 
culated by means of Eq. (7). 0 
Equation (6) is valid for Q-particles emerging from the source with energies 
Be > (4 arteyn which corresponds to x</h. For Q-particles with lower energies 
Ry : 


(x > h) the integration over 9 must be carried out from 4, to 9,, where %= 


= Bre .cos (Fig.4). This integration gives 
xv 
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dN, Nous = Noon n—1 eos? 
— ” 7 
de ~-4Ry (4 —e" “Tarai eo aeae p 


re) 
Haeberli et al® deduced analogous formulas for the special case of 3,.= 90° and 
i = abe 

Fig.5 shows the energy distribution of particles emerging from a source. 

To determine the shape of experimentally obtained spectra, one must, as noted 
above, consider the effects producing a Gaussian distribution. |, 

Let us use the subscript 1 to identify quantities e« and zz > Pertaining to 


the distribution we considered above (Eqs.(6) and (7)), and the subscript 2 to 
identify the actual final distribution. Then the final shape of the spectrum 
will be described by 


2,76 


dN, 2,35 ¢ ne aN, 
a = — \ (3 de. (8) 
€ 2 Tg V 2 } de 1 


Equation (8) was 
numerically integrated 
for different values 
of h. The results of 
these calculations, 
neglecting collimation, 
are shown in Fig.6. 

Fig.7 shows how 
the shift of the peak 
depends on source thick- 
ness for different de- 
grees of collimation. 
The degree of collima- 
tion f is the factor 
by which a given colli- 
mation reduces the 
transmission. We must 
know the above dependen- 
ces in order to correct 
for the source thickness 
when measuring Q-parti- 
cle energies. 

0,96 097 098 099 7 0 Fig.8 shows how 


dS 
é oe the half-width I]; de- 
pends on source thick- 
Fig.6. Alpha-spectra shapes as calculated by means of ness. J, 


Eq.(8) for different source thicknesses. 


4. Imperfect shielding by the grid 


The grid is introduced into the ionization chamber to eliminate the induc- 
tive effect of positive ions on the collecting electrode. However, despite the 
presence of a grid, positive ions still have some effect on the collecting elec- 
trode, an effect characterized? by the parameter 


a a 


= amp Dopp? (9) 
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Fig.8. Variation of Ilt with 


Fig.7. Shift of the line peak as a source thickness. 
function of source thickness with dif- 
ferent degrees of collimation. where a is the separation between the grid 


wires, ris the wire radius, and 4 is the 

distance between collecting electrode and grid. A grid can be made more effective 
by increasing the distance between the collector and grid, by increasing the wire 
radius, and by decreasing the separation between wires. However, one must also 
consider the possibility of the electrons settling on the grid and being lost. 
Incomplete shielding by the grid causes the pulse height on the collecting elec- 
trode to depend on Q-particle emergence (flight) angle. One should know os to 
determine the Q-particle energy correctly. Measurements show that the actual 
values of s agree with those given by Eq.(9) in the range of grid parameters 
yielding small values of so (<0.02) but diverge in the range of large o. 

Let us determine the effect of imperfect shielding on the shape of Q-spectra. 
The pulse height on the collecting electrode, allowing for imperfect shielding, 
is given by 


Veeny nae (4 = S* cos $) ; (10) 


where Vnax =—7-. The maximum amplitude Vmax corresponds to a pulse from an Q- 


particle moving parallel to the electrode (cos } = 0), while the minimum amplitude 


Vain = V max (1 — =) : 


corresponds to a pulse from a particle emerging at an angle normal to the elec- 
trode (cos 3 = 1). 
Taking collimation into account, we have 


Vinax = Vmax (1 | sees i 


For an isotropically radiating source the number of particles emitted into 
the interval between % and $-+ dis proportional to d(cos%), i.e., 
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dN = Ad (cos 9%). (11) 


Using Eqs.(10) and (11), we find that the differential pulse height distribution 
dNidV is a rectangle bounded by Vmax and Vin 


As in the case of the effect of source thickness, it is necessary to take into 
account all factors contributing to the Gaussian distribution. We then obtain 
the following expressions for the half-width and shift of the peak due to imper- 
fect shielding: 


EoxX EoX 
M,= 0.72557 | / 1+ 01350, (12) 
AE ox 27 24 
ey ease © (13) 


Buneman et a1? give a formula for the contribution of imperfect shielding to the 
half-width. Their formula is not exact, since they do not consider the joint ef- 
fect of the Gaussian and rectangular distributions. They simply took Is to be 
the width of the rectangle. The II; given by the Buneman formula is 1.5 times 
greater than the true value given by Eq. (13). 


5. Electron attachment in the ionization chamber 


Electronegative impurities in the working gas of the ionization chamber col- 
lect electrons and reduce the number of electrons drifting to the collecting elec- 
trode. As a result, the position of the peak is shifted by an amount depending 
on the Q-particle energy, and the Q-line is broadened. Damaskinskii et a1l0 show 
that electron attachment can be reduced by 1) purifying the gas of oxygen (the 
chief electronegative impurity in argon) and 2) operating the chamber under con- 
ditions insuring a minimum attachment cross section. 

We tried both methods. A sodium purifier was used to scrub the argon. How- 
ever, since purification takes a long time it is not always feasible to use this 
procedure. Tests showed that addition of 1% to 3% methanel9,11 to the argon 
makes it possible to operate the chamber under conditions assuring virtual elimin- 
ation of diffusion, recombination, electron attachment, and loss of electrons to 
the grid. The shift of the peak and the half-width Ila then become negligible. 

The best procedure for minimizing electron attachment is the combined one of 
adding a polyatomic gas and purifying the mixture. This also results in increase 
of the electron drift velocity. When purification is impossible, the field 
strength in each region of the chamber must be carefully chosen so that the aver- 
age electron energy corresponds to the minimum attachment cross section. 


6. Effect of different collector pulse rise times on the energy resolution 


The pulse rise time on the collecting electrode depends on the Q-particle 
emergence angle and equals 


Bids Rceos % 


We Wy 


—— 


’ 


where Ris the range of an Q-particle in the chamber gas, wi and w. are the drift 
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Table l 


fadle 1 velocities in the regions b = - 
Total line half-width 2 etween the high-voltage elec 


trode and grid and between the grid and collecting elec- 


evaluation trode, respectively. In the process of amplification 
Decpeeene the pulses pass through differentiating and integrating 
,, kev collimation circuits; the pulse height at the output of these cir- 
es cuits depends on the rise time. Consequently, the final 
pulse height depends on the Q-particle emergence angle. 
Ip 16.4.1 16.4 A mixture of argon and methane greatly increases 
ia 16 16 the drift velocity, thereby markedly reducing pulse 
Ile 28 9 straggling due to the effect of rise time (Ilr for argon 
NS 14 8 is ~16 kev, while for the methane mixture it is ~l kev). 
He = a fee | 
7. Total Q-line half-width 
N= (ene)? 38 | 26 
i Let us evaluate the total line half-width for 5 


Mev Q-particles under the following conditions: the 
working mixture A + 3% CHy4, d = 4 cm, ) = 2.5 cm, p= 
= 1.5 atm, r/R, = 2°1073 (Table 1). 

Even if the influence of all other factors affecting the resolution could be 
reduced to zero, the Q-line half-width would still be about 15 kev, because the 
limit of resolution of an ionization chamber is fixed by fluctuations in the num- 
ber of ion pairs. 


II. Electronic Collimation 


Collimation is essential to enhance the Q-particle energy spectra. Usually 
a material collimator is used. However, these have a number of shortcomings: 1) 
some of the electrons produced by the Q-particles are lost because of weakening 
of the electric field in the collimator apertures, and 2) transmission is severe- 
ly reduced. The difficulty of preparing good uniform collimators is also a sub- 
stantial drawback. 

Electronic collimation is better for studying low intensity Q-lines. Elec- 
tronic collimation makes use of 1) the dependence on the Q-particle emergence 
angle of the time lag between the start of a pulse on the collector and the start 
of a pulse on the high-voltage electrode - time collimation (Fig.2), or 2) de- 
pendence on the Q-particle emergence angle of the high-voltage electrode pulse 
height or grid pulse height - pulse-height collimation. 


1. Time collimation 


After the Q-particle ionizes the gas in the working volume of the chamber, 
the electrons start to drift toward the grid. At this instant a voltage pulse 
is induced on the high-voltage electrode; a pulse rises on the collecting elec- 
trode only after the first electrons reach the grid. The time lag before the 
collector pulse begins depends on the emergence angle of the Q-particle and is 


- given by 


d—Rcos 
se anianie ” 


where R is the Q-particle range, w1 is the drift velocity of electrons between 
the high-voltage electrode and grid, and dis the distance between the high- 


voltage electrode and grid. 
Pulses with minimum delay time correspond to Q-particles traveling perpen- 


dicular to the source. Obviously, we can collimate by counting only pulses for 
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400 


Fig.10. Block diagram of the ion- 
ization Q-spectrometer: 1) preampli- 
‘Channel No. fier, 2) amplifiers, 3) clippers, 
4) single channel analyzer, 5) 28 
Fig.9. U234 q-spectra: 1 - without collima- channel analyzer, 6) precision pulse 
tion, 2 - with collimation. The channel height generator, 7) pulse height 
width is 5 kev. meter. 


which és is smaller than some ¢.. By varying ¢, we can control the degree of 
collimation. 

When determining the relative intensities of Q-groups, an appropriate cor- 
rection must be made because the degree of collimation depends on Q-particle 
energy. 


2. Pulse height collimation 


For pulse height collimation we can use either the pulses on the high-voltage 
electrode or those on the grid. In the latter case, a second, shielding grid is 
introduced into the chamber.12 The principal features of pulse height collima- 
tion are described by Bochagov12 and Valladas.13 

Fig.9 shows Q-spectra of U234 recorded with and without collimation. Colli- 
mation significantly improves the shape of the spectrum (25 kev half-width), al- 
though the transmission goes down by a factor of 3. 


III. Description of the Q-Spectrometer 


The ionization Q-spectrometer we built consists of 

1) a grid ionization chamber, 

2) electronic circuits for amplifying, shaping, selecting, and analyzing 
the pulses, and 


3) a system for evacuating the chamber and filling it with the desired gas 
mixture. 

The ionization chamber is a 22 liter brass cylinder. The collecting elec- 
trode is attached to the bottom of the chamber. The grid and high-voltage elec- 
trodes are mounted on special sliders so that the distance between the electrodes 
can be varied. The electrodes are brass discs 4 mm thick. The high-voltage elec- 
trode is 220 mm in diameter, and the collecting electrode is 120 mm in diameter. 


- 
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Fig.1l. Circuit of the low noise preamplifier. 


The grid is made of 0.1 mm diameter nichrome wires spaced 1.5 mm apart and 
welded to a ring of stainless steel. Special leads into the chamber supply the 
high-voltage and bring out the pulses. The entire system is pumped down to 1072 
mm Hg and then filled with a mixture of A + 3% CHy to a pressure of 1.5 to 1.8 
atm. 

The electrode potentials were chosen to minimize recombination and loss of 
electrons to the grid. 

The pulses rising on the collecting and high-voltage electrodes are first 
amplified by a low noise level preamplifier and then fed to the main amplifier 
with a gain of 103 (Fig.10). The preamplifier circuit is shown in Fig.1l. The 
preamplifier is supplied by VS-12 (plate circuit) and VS-13 (filament circuit) 
power units. 

The amplifier design was based on Elmore's model 100, except that integrat- 
ing and differentiating circuits were introduced to allow of varying the passband. 

The clipper serves to reduce the analyzer channel width. Pulses fed into 
the clipper are clipped to a level variable from 0 to 100 v and then amplified 
by a three-tube stage with variable gain. Changing the amplification factor 


varies the analyzer channel width from 5 to 50 kev. 


A single-channel differential discriminator is used for electronic collima- 
tion. Pulses corresponding to different channels (and thus to different angles) 
come from the amplifier and are fed into the single channel analyzer. For pulse ie 
height analysis we use a 28-channel analyzer designed and built in our laboratory. 


IV. Selection of the Gas Mixture and Operating Conditions 
iV. selection oF se ee 


The working gas and chamber operating conditions should be chosen 
1) to eliminate recombination of electrons with positive ions and the loss 


of electrons to the chamber grid, 
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Fig.12. Field strengths corresponding to saturation in different mixtures. 
Fig.13. Variation of drift velocity with @/p for different mixtures: 1) A + 
+ 5.3% CH4,15 2) A + 2.1% CHy4,15 3) A + 1% CH4 (our data), 4) chemically 
pure argon (A + 0.2% No + 0.02% Og + 0.05% C09) (our data), 5) spectro- 
scopically pure argon (Ref.16). 


2) to minimize the rise time of the pulses on the collecting electrode, 

3) to prevent electron attachment to electronegative impurities. 

The field intensity at which saturation sets in (i.e., recombination ceases) 
is usually determined from the variation of the collecting electrode pulse height 
with field strength in the first region (the region between the high-voltage elec- 
trode and the grid). The field strength in the second region is maintained high 
enough to prevent loss of electrons to the grid. 

Adding methane to pure argon raises the field strength at which saturation 
begins (Fig.12). For values of @/p in the region above the curve in Fig.12 there 
is no recombination. 

Loss of:electrons to the grid can be eliminated by properly selecting the 
field ratio 62/61. Usually this ratio should lie between 1.5 and 3. 

The finite rise time of the pulses on the collecting electrode affects both 
the time and the energy resolution of the chamber. 

The rise time corresponding to a given chamber geometry depends on the elec- 
tron drift velocity in the gas. Curves of electron drift velocities for several 
gas mixtures are shown in Fig.13. The electron drift velocity can be determined 
from the pulse rise time on the high-voltage electrode or from the time lag of 
the collecting electrode pulse. The addition of methane markedly increases the 
electron drift velocity. The rise time can be reduced to 1-2 microsec by using 
a mixture of A +CH,. This mixture also minimizes electron attachment. 


V. Research Applications of the Q-Spectrometer 


Investigation of the fine structure of Q-spectra 


The described spectrometer has been used for studying the fine structure of 
the Q-spectra of thorium and uranium isotopes.11,17-19 The uranium and thorium 
sources were prepared from solutions of the nitrates in ethyl alcohol by electro- 
lysis. The anode was a Pt grid; the cathode an Al foil. Sources of up to 200 cm? 
were prepared by this procedure. 

Because of the high transmission factor (20 to 30% 4x for sources with areas 
up to 200 cm2) and high resolution, it was possible to investigate the Q=-spectra 
of the long-lived isotopes Th232, y236 ana u238 and to measure the energies and 
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relative intensities of a- 
lines corresponding transi- 
tions to the O+, 2+ and 4+ 
levels of the daughter nuclei. 

We discovered a line in 
the Q-spectrum of Th232 (mea- 
surement period 90 hours) 
which corresponds to a partial 
half-life of 1013 years. 
Hitherto, ionization chambers 
could not be used to investi- 
gate lines corresponding to 
such long partial periods. 

To make spin assignments 
for detected excited states, 
one must supplement the Q- 
decay data by observing the 
accompanying radiations. The 
most intense of these are usu- 
ally conversion electrons; 
therefore we developed an Oey 
coincidence technique for use 
in conjunction with the ioniza- 
tion Q-spectrometer. Because 
conversion electrons have low 
energies (tens of kev) their 
detector must be located in- 
side the ionization chamber. 
By way of electron detector 
we used a proportional counter 
consisting of a sectioned brass 
cylinder 100 mm in diameter 
and 200 mm long. The anode 
was a 50 uw diameter platinum 
filament. The Q-particle 
source should be thin enough 
to avoid distorting the con- 
version electron spectrum. 

It should also be several 
square centimeters in area 
Film 


sources prepared as described in our earlier work22 satisfy these conditions. 
Since the high-voltage electrode is grounded in measuring O-ex coincidences, we 
took the function-of-angle pulses off the grid,and introduced a second, shielding 


grid into the chamber. 


In operation, bipolar pulses appear on the grid. 


Both the negative and positive parts of the pulse depend on the particle 


emergence angle. Proper choice of 
work with grid pulses, because the 
substantially different effects on 
different angles. Furthermore the 
other hand, the passband should be 


the amplifier passband is very important for 
differentiating and integrating circuits have 
pulses resulting from particles incident at 
angular distribution can be distorted; on the 
selected for optimum signal-to-noise ratio. 


The results of our earlier study, described in Ref.23, proved helpful in select- 


ing the amplifier passband. 
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Table 2 
Results of investigation of the Q-spectra of Th and U isotopes 
_—_——<—$<—<— <  —— ODT 
| on Energy of : Halt) ise 
roo E, kev a ae pee ae Dia ae A 
tope sity,® | lovel, kev | parity years 
0 (3/2*) (5/27) 
7-104 
Th?229 5040-L5 8 25 8, 
196510 10 400 7,0-104 
4890-10 12 180 6,0-10" 
4835-5 60 235 0/25 4,1-10 
4805-+10 10 267 PA 7,0-104 
282 4007-L5 7 0 On 1,8-101° 
oe SOLES 23 60 Pipe 6,0- 105) 
3825-+10 0,2 185 4t 0,7-102 
234 4768 73 0 OF 3,4-108 
4718 27 50 Uae 9,3-105 
4598-8 0,3 173 4t 9,0-107 
Uj235 4580-415 4 0 (5/2+) 1,7-1010 
4545-+10 4 ~40 1,7-1019 
439415 74 185 aie 9,6-108 
4360? 14 220? 
4215-+5 4 370 125 1,7-1010 
W285 4488-3 74 0) Or 3,2-107 
1a38L5 26 50 2+ 92-107 
4326-+8 0,26 165 4 9,2-10° 
U28 4195 77 0 Or 5 ,8- 108 
4145 23 50 ae 2,0.-1029 
4037 0,23 160 4t 2,0-1012 


Using the Q-ex coincidence technique, we studied20,24 the fine structure of 
the Q-spectra of Th229, y234 and u235, 0,24 

The Q-spectra of U234 and U235 recorded directly and in coincidence with 
conversion electrons are reproduced in Fig.14. 

The energies and intensities of the Q-particles emitted by uranium and thori- 
um isotopes are given in Table 2. 

For the even-even nuclei the character of the levels was determined with the 
aid of the familiar interval rule. The experimental data obtained, when analyzed 
in conjunction with the theoretical formulas given by Nosov25 | lead to the struc- 
ture parameters listed in Table 3. 

Few comparisons can be made between the deduced quadrupole moments and those 
determined by Coulomb excitation because there are almost no appropriate data for 
heavy nuclei. According to Alder et a126, the quadrupole moments of Th232 and u238 
are 10 and 11 barns, respectively, which is in agreement with our values. 

Knowing values of the deformation parameter, we can determine theoretically 
the probability of a transition to the 4+ level. The probabilities calculated 
for the even isotopes of Ra and Th are listed in Table 4, 

Our data on Q-decay of y235 agree well with the results of Baranov et al27 
and Vorob'ev28 but disagree with Pilger's29 gata. 

Further investigation is needed to clarify the nature of the levels of Ra225, 
Measurements of the conversion electron spectrum in coincidence with separate Q- 
particle groups should prove particularly useful. For such measurements an ion- 


ization Q-spectrometer might well be used in conjunction with a high-transmission 
B-spectrometer. 


al 
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Table 3 
Determination of the parameters 
of even 
Ra and Th nuclei 


Table 4 

Comparison of theoretical and ex- 
perimental probabilities for 

Q-transitions to the 4+ level in 


Nuclear | Defor—] even Ra and Th nuclei 
Daugh-| radius, |mation |“adrupole z 
ter {190718 ,1/3/paramc—} moment, 
units ters barns ] 
ter satel es 1/a|Lized to the grnd 
5 ns 1,0 0,27 14 IO tof state transition 
a 1,4 0,24 17 Th Exper. 
1'6 0319 19 : oo: |edipee 
0 0,23 eas { 1,0 0,14 
Th230 1,4 0,19 15 Ra228 ) 14 0,17 | 0,26-++0,10 
1,6 0,18 16 ‘ 1,6 0,19 
{ 1,0 0,23 9,4 1,0 0,34 
ee 4 0719 15 Th230 1,4 0,38 | 0,41+40,16 
\ 1'6 0718 16 116 0741 o 
1,0 0,24 8,4 1,0 0,29 
rebel 1,4 0,17 44 Th232 | haa 0,32 | 0,35+0,14 
| 1°6 0245 16 \ 1,6 0,36 
{ 1,0 O55 
Th2%4 1,4 0,21 | 0,30-L0,09 
\ 1,6 0,23 


Measurement of Q-particle energies 


The energy of Q-particles is usually measured by comparing the ionization 
produced by the given Q-particle group with the ionization produced by O-particles 
of known energy. The Q-particle energy is related to ionization by the expression 


aN i, 


where /V is the number of ion pairs and uis the mean pair production energy. 

It is important to note that the mean energy uw depends on the Q-particle 
energy as well as on the working gas in the chamber. The exact EL dependence of 
u is unknown, but numerous experimental data show wu to be independent of Q-parti- 
cle energy for energies above 4 Mev. We then get the relation 


E = Nuy+ %, (14) 


where uo is the average energy needed to produce an ion pair whenE >4 Mev, and 
a is a parameter dependent on the chamber gas. For our mixture of argon and 


methane a. = 83 kev.29 Using relation (14), we can express the energy of the 


unknown line E/, in terms of the reference line energy FE, and the pulse height 
V 
ratio for these groups m = 7_ (actually the ratio of ionizations): 
5@ 
E,= mEr + a(1—m). (15) 


This method of determining Q-line energies requires measurement of m, i.e., 
we must compare the measured line pulse height with reference line pulse height. 


To compare these pulse heights, pulses from a precision pulse generator are fed 


into the preamplifier (Fig.10) and the pulse amplitudes are measured by the meth- 


od described by Vorob'ev et al3l, Corrections must be made for shift of the spec- 


trum peak in the direction of small pulse height due to source thickness, imper- 


fect shielding by the grid, and finite rise time of the pulses. The curve shown 
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in Fig.7 is used to correct for source thickness. Eq.(13) gives the shift of 
the maximum due to imperfect shielding. The decrease in pulse height due to 
finite rise time can be determined by means of the familiar expression 


AB 
A 
where it, is the pulse rise time on the collecting electrode and 7 = 7; =T7q is 
the time constant of the integrating and differentiating circuits. 

High energy resolution and precise correction for all sources of error per- 
mit measurement of Q-line energies with uncertainties of 0.05% to 0.1%. For ex- 
ample, we have measured the energy of the main group of O-particles of U236 to 
within +3 kev.18 


Use of the ionization Q-spectrometer to identify new isotopes 


Recent years have seen a remarkable growth of interest in production and 
investigation of new isotopes. The detection of new elements and new isotopes 
requires an apparatus with high transmission, good energy resolution and low 
background. 

The background in an ionization chamber arises mainly from contamination of 
the chamber walls, electrodes and leads. Work in our laboratory has shown that 
chamber background can be substantially reduced by using pulses appearing on the 
different chamber electrodes. Coincidence of the collector and high-voltage 
pulses can be used to avoid counting particles emitted from the walls and elec- 
trodes and entering the second region (Fig.1) because such particles do not in- 
duce voltage pulses on the high-voltage electrode. 

After prolonged operation of the chamber, the grid becomes contaminated by 
various Q-activities. We can avoid counting pulses due to Q-particles traveling 
from the grid into the first region by using delayed coincidences. We have shown 
above that there is a time lag between pulses from the collecting and high-voltage 
electrodes. Using the delayed coincidence technique, we can arrange to detect 
only the particles the pulses due to which on the collecting electrode are delay- 
ed a time ¢;, thereby excluding particles emitted from the grid because for them 
tj = O. The above-mentioned measures enabled us to reduce the background count- 
ing rate to 0.1-0.2 pulses per hour in the 100 kev region. Thus a spectrum inter- 
val corresponding to a single Q-line receives 0.1 to 0.2 pulses per hour, which 
makes it feasible to detect Q-lines with an intensity as low as 1 pulse per hour. 

For a source 200 em? in area and 20-30 ug/om2 thick this intensity corre- 
sponds to a decay period of 1015-1016 years. 


Measurement of decay periods of short-lived Q-emitters 


We have used our ionization Q-spectrometer in conjunction with a 48-channel 
time analyzer for measuring short decay periods. 

The decay period is determined from the time distribution of the pulses due 
to the investigated isotope, detected in coincidence with the pulses due to the 
parent Q-emitter. 

Energy selection of the Q-particles and the low background of the ionization 
chamber markedly reduce the number of chance coincidences, making possible measure- 
ment of periods of from 1074 to 10 sec. Furthermore, the results obtained32 are 
far more accurate than those yielded by other techniques. 

Both the energy and decay period of a given isotope can be simultaneously 
determined with an ionization Q-spectrometer operated in conjunction with multi- 
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Fig.15. Angular distributions of Q-particles from different isotopes. 
The scale on the right is for the 1-1 line. 


channel pulse-height and time analyzers. This is very important where identifi- 
cation of new isotopes is concerned. 


Determination of the energy dependence of the range of 


the center of mass of an Q=-particle track in argon 


For determininag Q-particle energies and correcting for the distortion of 
Q-line intensities because of electronic collimation, we must know how the range 
of the center of mass of the ions is related to the starting point of the Q-parti- 
cle track in argon. 

This relation was determined both by calculations (carried out by E.A.Daman- 
skinskii) and by experiment. 

For experimental determination we used pulses appearing on the high-voltage 
electrode. The differential pulse height distribution on the high-voltage elec- 
trode is rectangular since 

é 


N omen NG X 
Vmax mas and Vnin= Ge (1— 7): 


Using the experimentally determined values of Vmax and Vmin we calculated 


eae i Vmin \ 
the range of the ions' center of mass by means of the equation Kasih phee py 


The accuracy of determination depends on the chamber geometry (d) and the shape 
of the "rectangle" (accuracy in finding the values of Vmax and Vin). 

Fig.15 shows some "rectangular" pulse height distributions for pulses taken 
off the high-voltage electrode. To obtain them we set the differential discrin- 
inator to a specified group of Q-particles and then recorded the corresponding 
angular distribution. We used the precision pulse height generator (Fig.10) for 
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calibration purposes. 
The points in Fig.16 give the experimental de- 
Ae pendence; the solid line shows the theoretical curve, 
\ calculated using the formula 


: | ore 


20 


dN 
The Bragg curve for argon Fa = f(r) was derived 


from the Bragg curve for air. 


Q ‘ 
; i ad Conclusions 
Fig.16. Energy dependence 
of the range of the ions' This paper describes a high-resolution ioniza- 
center of mass for Q=-parti- tion chamber (the apparatus O-line half-width is 
cles in argon. Solid line ~25 kev) with an effective solid angle of 20 to 30% 
- calculated curve; points of 4x). 

- experimental. Detailed consideration of the chief factors 

affecting the energy resolution enabled us to de- 

duce expressions for determining the line half-widths and the shift of the line 
peaks. Close attention to details of the operating conditions and careful selec- 
tion of the first tube of the amplifier resulted in reduction of the noise level 
to the point where the noise half-width does not exceed 16 kev. 

By using a mixture of argon and methane we eliminate attachment of electrons 
to electronegative impurities. Moreover a significant increase in drift velocity 
leads to improved time and energy resolution. Electronic collimation allows of 
improving the resolution of the ionization chamber without serious sacrifice of 
transmission. 

The instrument parameters permit extensive use of the equipment for investi- 
gating the fine structure of Q-spectra, for isotopic analysis, etc. The spectro- 
meter is especially useful for identifying new isotopes. 

The authors thank A.P.Komar for his unflagging interest in this work. 
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A MERCURY GAMMA-CALORIMETER 
- E.A.Khol'nova 


Gamma-spectrometers are often calibrated in intensity with reference to 
sources the activity of which has been determined beforehand by means of some 
type of y-calorimeter. Thus, the "ritron” and "elotron" spectrometers of the 
Radium Institute and the crystal diffraction spectrometer of the All-Union 
Scientific Research Institute of Metrology were calibrated in intensity with 
the aid of the Institute of Metrology lead sphere calorimeters!. One of the 
principal shortcomings of such calorimeters is relatively low sensitivity. Only 
sources with an activity exceeding 50 mC can be measured by means of such calori- 
meters. 

On the other hand, sources of appreciably lower activity are used in a num- 
ber of spectrometers. For the purpose of measuring such low activities work was 
initiated in the All-Union Scientific Research Institute of Metrology in 1956 
with a view to developing a new type of sensitive calorimeter, namely, a mercury 
calorimeter. 

As regards principle of operation, the mercury calorimeter is similar to a 
conventional thermometer. It differs primarily from a thermometer in having a 
much larger spherical reservoir - "bulb". The mercury filling the reservoir 
serves simultaneously as the thermometric substance and the y-ray absorber. The 
glass spherical reservoir is topped by a long thin capillary which serves as the 
measuring part of the calorimeter. In order to provide for introduction of the 
source, the glass reservoir has a cylindrical glass cavity extending approximate- 
ly to the center of the sphere. 

The y-radiation emitted by the radioactive source is absorbed by the mercury, 
as a result of which the mercury heats up and expands. The amount of energy ab- 
sorbed by the mercury is determined by observing the level of the mercury in the 
capillary. 

The calorimeter set-up is diagramed in the accompanying figure. It will be 
seen that the calorimeter is exceptionally simple in design: it consists of a 
glass sphere filled with mercury and a long capillary tube. All the other parts 
of the set-up serve for mounting and for temperature stabilization of the calori- 
meter. 

As may be seen in the figure, the set-up consists of two completely identi- 
cal y-calorimeters, each of which operates as a single calorimeter. The source 
is inserted into one of the calorimeters, while the other serves for temperature 
control purposes. Such control is very important inasmuch as the calorimeter 
Son aed is high and the measuring time is relatively long (approximately 2 
hours). 

In successive series of measurements the roles of the calorimeters may be 
interchanged, i.e., the source is inserted into the second calorimeter, while the 
first serves as the temperature control. 

The calorimeter is made entirely of glass: the spherical reservoir of glass 
No.23, and the capillary of thermometer glass. The spherical reservoir has the 
following dimensions: outside diameter 61.5 mm, inside diameter 60.0 mm; inside 
diameter of the source cavity 11 mm, length of source cavity 35 mm. The total 
length of the capillary is 540 mm; the inside diameter 0.07 mm. At the top the 
capillary widens to form an expansion cavity with a volume of 0.2 cm3. Over a 
length of about 480 mm the capillary tube has a milk glass scale graduated in 
millimeters, 

In PIOParang the calorimeter each of the reservoir spheres was filled with 
about 108 cm’ of chemically pure mercury. The reservoirs were filled so that at 
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a temperature of 25.1° C the mercury level in the capillaries would be close to 
the zero graduation. This working temperature (somewhat higher than room tem- 
perature) was purposely chosen to exclude the possibility of inflow of heat from 
the surroundings. 

The sensitivity of our calorimeter is indicated by the results of the fol- 
lowing simple calculations. With a 0.01° temperature rise the volume of the mer- 
cury in the reservoir should change by 


AV = Vat = 108-0.000182-0.01 = 196-1078 om? 


(here a is the coefficient of expansion of mercury relative to glass, equal to 
0.000182 degree“), Inasmuch as the capillary diameter is 0.007 cm, the result- 
ant change in the level of the mercury in the capillary is given by 


pe AVo AV 196-40-*-4 
"Sad 344-49-10-° 


4 


= 95.11 ecm. 


Thus with increase of the mercury temperature by 0.01° the mercury level in 
the capillary changes by ~51 mm. Since the capillary scale can be read to within 
0.5 mm or even better, the given design allows of detecting temperature changes 
of down to 0.0001°. 

Usually y-calorimeters are calibrated with the aid of an electric heater of 
known power, which is inserted into the calorimeter instead of a source. In ad- 

dition to this method, the mer- 

cury y-calorimeter can also be 

5 calibrated directly in degrees by 

comparing its indications with 
those of a precision thermometer; 
this procedure allows of estab- 
lishing the absolute temperature 
corresponding to any given indi- 
cation on the capillary scale. 
We used the second method and 
found that the zero on the scale 
of the first calorimeter which 
has a capillary with a mean dia- 
meter of 0.07 mn* , corresponds to 
a temperature of 25.16° and the 
450 mm mark on the scale to a 
temperature 25.25°; the mean 

*The internal diameters of 
the capillaries and their uni- 
formity over the length of the 
tubes were investigated by intro- 
ducing a precisely weighed drop 
of mercury into the capillary. 
Then the length of the mercury 
column formed by the drop in dif- 
ferent parts of the capillary was 


- imeter: 1 - spherical reservoir measured by means of a universal 
Bel okie ccuey. 2- Weets a ce tube, 3 - microscope. Knowing the weight 
copper block (temperature equalizer), 4 - brass of the mercury and the length of 
box, 5 - expansion volume, 6 - teflon gasket, the column we could readily cal- 
7 - source being measured, 8 ~ source holder. culate the capillary diameter. 
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Comparison of the characteristics of lead capillary diameter of the 

and mercury calorimeters second calorimeter is 0.072 
mm and its O and 450 mm gradu- 
Total heat ations correspond to 25.14° 
capacity and 25.249, respectively. 
cal/degree The high sensitivity of 
the y-calorimeter imposes 
rigorous requirements as re~- 
gards temperature stabiliza- 
53 tion. It is meaningful to 
measure the temperature with 
an accuracy to within 0.0001° only if the "background" temperature of the calori- 
meter is maintained constant within the same limits during the period of measure- 
ment. In the case of our mercury calorimeter, however, this requirement is less 
exacting, inasmuch as the presence of the second control calorimeter allows of 
determining and correcting for the background temperature. 

For better stabilization of the temperature background both calorimeters are 
mounted inside a massive copper block, which is a good temperature equalizer. 

The copper block in turn is enclosed in a brass box and in this form is immersed 
in a large oil bath, the temperature of which is maintained at 25.16° by a thermo- 
stat. The oil bath temperature should be maintained constant to within +0.002°. 

A thermostat meeting these requirements is now under construction. 

As will be evident from the figure, there is no need to disassemble the box 
and copper block in order to insert the source. The source,mounted in a special 
holder,is inserted through a side channel in the copper block and brass box with- 
out disturbing the temperature regime of the calorimeter. 

The y-radiation from the measured source encounters a mercury layer 24 mm 
thick, which is equivalent as regards absorption to 29 mm lead. This was the 
thickness of the absorbing layer in the No.2 lead sphere calorimeter! (outside 
diameter 70 mm). Calculations of the absorption of y-radiation of different ener- 
gies for this calorimeter were carried out earlier.2 These basic calculations 
were utilized for the mercury calorimeter. 

The absorption capacity of the mercury calorimeter is the same as that of 
the No.2 lead calorimeter. In contrast, its thermometric characteristics are ap- 
preciably better. Thus the heat-transfer surface is smaller and the total capa- 
city of the mercury calorimeter is lower (see table), while the temperature sensi- 
tivity is an order of magnitude higher. 

Comparison of these data shows that the mercury calorimeter can be used for 
measuring activities (for example, C089) of the order of 2-5 mC. 


Trans- Weight, 
fer sur- 


face,cm 


Calori- 
meter 


Lead 


Mercury 
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TW 
O-CRYSTAL SPECTROMETER AND ITS USE FOR INVESTIGATING THE (p,y) REACTION 
- Yu.N.Antuf'ev, V.Yu.Gonchar, E.G.Kopanets, A.N.L'vov & S.P.Tsytko 


In studying the energy levels of nuclei by means of the radiative proton cap- 
ture reaction it is necessary to measure the spectra of the y-rays emitted by the 
excited nuclei. Generally this y-radiation is comparatively weak; hence for mea- 
suring the y-spectrum it is necessary to use a spectrometer with high efficiency. 

The most suitable type of y-spectrometer for investigating the y-radiation 
from the (p,y) reaction is a scintillation spectrometer. In most cases, however, 
the y-ray spectrum is so complicated that it is almost impossible to interpret 
it by means of a single-crystal scintillation spectrometer. 

In such cases the most suitable method is investigation of the coincidences 
between y-rays emitted in cascade. From the observed coincidence spectra one can 
infer the energies of the intermediate levels involved in the cascade transitions. 
Sometimes it is useful to use the method of a summing spectrometer! »2, 

Two-crystal coincidence y-spectrometers and summing spectrometers can also 
be used for measuring y-y angular correlation. The results of such measurements 
yield information on the spins of the excited levels. 


In this report we describe a two-crys- 


al Nal] tal y-spectrometer with a universal type 
i » electronic circuit, which makes it possible 
3 y to use this instrument either as a coinci- 
dence spectrometer or as a summing spectro- 
meter. The described spectrometer was con- 

2 structed in the Physical-Technical Insti- 
= tute of the Ukrainian SSR Academy of Scien- 

ces and has been used for over a year for 


investigating diverse (p,y) reactions. To 
illustrate the operation of the spectrometer 


j we give the results of measurements with a 
r Co60 source and in investigating the A127 
ee (p,y)Si28 reaction. 
g Usecgf A block diagram of the equipment is 
| = 2 shown in Fig.l. The radiation detectors 
eset tanga To AI-100 are two NaI(Tl) crystals. One of these has 
| P'gsusec pulse height 4 gjiameter of 70 mm, a thickness of 60 mm 
and an energy resolution of 11% for 661 kev 


y-rays. The second crystal is 70 mm in dia- 
meter, 40 mm thick and has an energy resolu- 


a 
Z analyzer 
i 


; tion of 14%. We also used an Nal(T1) crys- 
tal 40 mm in diameter, 40 mm thick, with a 
Fig.1. Block diagram of the two- resolution of 9%. The crystals are coupled 
crystal y-spectrometer: 1,1',1" to FEU-1B photomultipliers developed by 

& 1'" — pulse shapers, 2,2' & 2" Khlebnikov. The crystal-photomultiplier 

- cathode followers, 3 & 3° - assemblies are mounted on rotatable arms 
coincidence circuits, 4 - summing and hence can be set at any angle relative 
circuit, 5 & 5' - linear ampli- to each other and to the proton bean. 
fiers, 6 & 6' - blocking oscil- The pulses are taken off the ninth dy- 
lators, 7 - multivibrator. nodes and fed through cathode followers to 


shapers. After shaping there are obtained 


i lified by linear 
flat to ulses of 3 microsec duration. These pulses are amp 
Bieriees Sach a maximum amplification coefficient of 100. The amplification 


can be varied in steps. 
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The pulses for the fast coincidence circuit are taken off the photomultipli- 
er anodes in order to obtain high pulses. These pulses are shaped by a short- 
circuited delay line (5 meters of RK-50 cable) which yields pulses of 5-10 sec 
for the coincidence circuit. The coincidence circuit is assembled about a 6A3P 
tube. Its resolving time is 5°10-8 sec. The pulse from the coincidence circuit 
goes through a delay line (T = 5°1077 sec), which is necessary so that the pulse 
at the output of the linear amplifier will attain its full amplitude, and trig- 
gers a blocking oscillator, which yields a pulse unblanking the cathode-ray tube. 
During this time the pulse from the output of the linear amplifier controls the 
sweep of the cathode-ray tube: if the pulse has the necessary height, the beam 
appears in the opening of the opaque screen and reaches the photomultiplier view- 
ing the tube. The pulse from this photomultiplier triggers a blocking oscilla- 
tor the pulse from which goes to the coincidence circuit with the delay pulse 
from the first, cathode-ray tube driving, blocking oscillator. The output pulse 
from the coincidence circuit triggers a multivibrator which generates a control 
pulse that is applied to the AI-100-1 type pulse height analyzer. A similar cir- 
cuit is described in Ref.3. The output from the second linear amplifier through 
a cutoff and an auxiliary amplifier with a gain of 5 is applied to the input of 
the pulse height analyzer. 

Thus the analyzer opens only in the presence of pulses from both photomulti- 
pliers, coinciding in time, and with a given height of the pulse from the linear 
amplifier controlling the sweep of the cathode-ray tube. A pulse from.one of the 
photomultipliers may be applied to this amplifier - then from the other photomul- 
tiplier there will be obtained the spectrum of coincidences with the selected part 
of the total y-ray spectrum; there can also be applied pulses equal to the sum of 
the pulses in both photomultipliers - then there will be obtained the spectrum of 
y-rays the sum of whose energies is equal to a set value. 

The efficiency of the spectrometer in counting coincidences with the select- 
ed section of the spectrum is given by 


Neoine = 9111°92N2°k, 


where 61 is the solid angle viewed by the first crystal and 71 is its efficiency, 
6g and Ng are the solid angle and efficiency of the second crystal, and k is the 
part of the total spectrum from the second 7¥-line that is accepted by the fixed 
channel. 

The efficiency of the spectrometer in counting coincidences of two Y~-rays 
the sum of whose energies equal to the set value is given by 


Nsum = 20171°92N2*k Ko 


where kj and Kg are the parts of the spectra of the first and second Y-lines, the 
sum of whose energies is equal to the set energy value. 

To illustrate the operation of the spectrometer in Fig.2 we reproduce the 
spectra obtained for Co®0, Fig.2,a is the spectrum of ¥-rays yielding coinciden- 
ces with the 1.33 Mev gammas (the fixed channel was set on the photopeak corre- 
sponding to these Y-rays). Fig.2,b gives the Y-ray spectrum of Co® in the case 
when the channel was set on the sum of the 1.17 and 1.33 Mev y-rays which form a 
cascade. 

The calculated efficiency of the spectrometer in the first case was 
0.00017, assuming 6] = Op = 0.048 and k = 0.2. In the second case with oucal 


62 = 0.048 and ky = ko = 0.2, the calculated efficiency Ngym = 0.00007. Experi- 


mental evaluations of the efficiencies yielded values within +15% of the calculated 
value in both cases. 
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Fig.2. Coincidence spectrum for Co®9. a - fixed channel set on the 1.33 Mev line; 
b - channel set on the total energy of the 1.17 and 1.33 Mev y-rays. 
Fig.3. Spectrum of coincidences of the y-rays from the A127(p,y) Si? re- 
action; fixed channel set on the energy of the excited level of the com- 
pound Si28 nucleus. 


The spectrometer was used for investigating the y-rays from the Al27(p,v)Si28 
reaction. Specifically, we investigated the resonance y-rays emitted at a proton 
energy of 993.3 kev. The fixed channel in this case was set on the energy of the 
excited level of the compound $i28 nucleus. From the spectrum reproduced in Fig. 
3 it will be evident that this state de-excites in two ways: by a cascade transi- 
tion via a 1.78 Mev level and a cascade transition via a 4.6 Mev level. The in- 
tensity of the latter is not more than 5% that of the former; nevertheless, the 
y-lines of this cascade are clearly evinced, whereas they are unnoticeable in the 
spectrum recorded by means of a single-crystal spectrometer. 

As noted above, this spectrometer, operated as a summing instrument, can be 
used for studying y-y angular correlation. For test purposes we measured the ani- 
sotropy of the y-y correlation using a constant Co6° source. The fixed channel 
was set on the energy of the 2.5 Mev level and we measured the number of coinci- 
dences with two geometries: a) with an angle of 90° between the axes of the crys- 
tals and b) with an angle of 180°. The measured anisotropy agreed within the 
limits of the experimental error with the theoretical. 

The design of the spectrometer makes it possible to use it as a Compton 7- 
spectrometer, unblocking the pulse height analyzer with a pulse from y-rays scat- 
tered at a certain angle, and as a total absorption spectrometer, blocking the 
analyzer if a scattered y-ray is detected. 

The spectrometer circuitry comprises 28 tubes, not counting the power supply 
tubes. 


_ Physical-Technical Institute 
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RADIATIVE PROTON CAPTURE BY S34 
- Yu.P.Antuf'ev, A.K.Val'ter, V.Yu.Gonchar, E.G.Kopanets, A.N.L'vov & 
S.P.Tsytko 


As reported in our earlier communication!, we investigated the S34(p,7)c139 
reaction in the proton energy range from 0.6 to 1.9 Mev. Over 40 y-ray resonan- 
ces were observed. Investigation of the y-ray spectra and angular distributions 
enabled us to draw certain inferences regarding the spins and parities of some 
of the resonance levels and of the first excited states of C195, 

In the present work we investigated radiative proton capture by s34 ata 
resonance energy of 1214 kev. The y-spectra were measured by means of a single- 
crystal y-spectrometer and also by means of a two-crystal coincidence spectro- 
meter. We measured the angular distributions and the y-y directional correla- 
tion. In addition, we determined the y-ray yield from a thick S34 target. 


Experimental Procedure and Results 


The monoenergetic beam of 1214 kev protons, accelerated in the Physical- 
Technical Institute of the Ukrainian SSR Academy of Sciences electrostatic genera- 
tor? was directed onto the thin target prepared by knocking S34 ions into a tanta- 
lum backing.1,3 The target was located in the center of the chamber and oriented 
at an angle of 60° relative to the proton beam. The target chamber was mounted 
at the center of a rotating stand, which carried the y-spectrometer crystals and 
photomultipliers. Thus, the NaI(Tl) crystal, 70 mm in diameter and 60 mm thick, 
could be rotated about the center of the target 150° in either sense relative to 
the direction of the proton bean. 

The associated electronic circuit, which was connected to an AI-100 100- 
channel pulse height analyzer, made it possible to operate the y-spectrometer as 
a conventional single-crystal spectrometer with high efficiency, as a coincidence 
spectrometer and also as a summing spectrometer. The spectrometer was calibrated 
with reference to the y-rays from Cs137, Co60 and MsTho and from the Be? (p,y7) B10 
and A127(p,y7)$i28 reactions. A description of the instrument will be found in 
Ref.4 (preceding article). 

In measuring the angular distributions and Y-y correlations by way of moni- 
tor we used a CsI(T1) crystal 30 mm in diameter and 20 mm thick, which was mount- 
ed at a fixed angle. of 90° relative to the direction of the proton beam. The 
monitor detected all y-rays having energies greater than 1.5 Mev. 

The proton current was measured by means of a current integrator, the cali- 
breenpnkon watch was checked before and after each series of measurements. 

e Singles y-ray spectrum is shown in Fig.l. As will be evid 
figure, there appear two y-ray groups with energies of 3.17 and a oe ae ee 
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addition, there is present y-radiation with an ener- 
ff ; By of 1.63 Mev. This line is probably a background 
line inasmuch as its intensity varies with time, 
whereas the yield of the 3.17 and 4.38 Mev y-rays 
remain constant, 

Fig.2 shows the spectrum obtained by means of 
the spectrometer operated as a coincidence instru- 
ment. The fixed channel was set on the part of the 
spectrum that corresponds to the total absorption 
peak for the 4.38 Mev y-rays (hatched region in 
Fig.1). There are evident in this spectrum only 
three peaks from the 3.17 Mev y-rays. 

Fig.3 shows the spectrum obtained by means of 


; 7 . ; - ae the summing coincidence spectrometer. The sum chan- 

q nel was set on the y-ray energy in the vicinity of 

Fig.1. Gamma-ray spectrum 7.55 Mev. There are evident in the spectrum peaks 
obtained by means of the that correspond to y-rays of 3.17 and 4.38 Mev ener- 


single-crystal spectrometer. gy. As might have been expected the total absorp- 
tion peaks are the most intense. 

On the basis of the results obtained in all three series of measurements 
(singles, coincidence and summing) it may be asserted that the de-excitation of 
the 7.55 Mev level occurs only by a cascade transition via one intermediate level, 
the energies of the cascade y-rays being 3.17 and 4.38 Mev. The cross-over tran- 
sition to the ground state, if it exists, has a relative intensity <0.5%. 

The angular distribution was investigated for the 3.17 and 4.38 Mev y-rays 
in the angular range from 0° to 150° clockwise and counterclockwise relative to 
the direction of the proton beam. Measurements in the indicated angular range 
allow of excluding the error connected with inaccuracy in determining the dis- 
tance from the target to the crystal and also facilitate making corrections for 
the absorption of the y-rays in the backing and target holder. 

For determining the angular distribution of the 4.38 Mev y-rays we used the 
total area in the spec- 
trum under the total 
absorption peaks and 
] the peak associated 
with emission of one 
annihilation photon 
from the crystal. The 
contribution from the 
3.17 Mev y-rays to the 
angular distribution 
curve did not exceed 
1-2%. 

The angular dis- 
: tribution of 3.17 Mev 
y-rays was determined 
from the total area 
in the spectrum under 


ETL the peaks due to ejec- 
Tee a” tion from the crystal 
- trum of one and two anni- 
Fig.2. Gamma-ray spectrum Fig.3. Gamma-ray spec 
Bienhed by ae of the obtained by means of the hilation photons. From 
coincidence spectrometer. summing spectrometer. these areas for each 
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Fig.4. Angular distribution of the 4.38 Fig.5. Angular distribution of the 3.17 
Mev y-rays: dashed line - experimental; Mev y-rays: dashed line - experimental; 
solid line - theoretical curve. solid line - theoretical curve. 


angle we subtracted the Compton part of the spectrum due to the 4.38 Mev y-rays. 

The experimental data were processed by the method of least squares; the 
results are shown in Figs.4 and 5. 

The y-y correlation was measured by means of the spectrometer connected to 
operate as a summing coincidence spectrometer. The sum channel was set on the 
energy region of the 7.55 Mev y-rays. The coincidence counts were recorded for 
two geometries: a) both crystals oriented at an angle of 90° to the direction of 
the proton beam (crystals at 180° to each other), and b) one of the crystals at 
90° to the proton beam, the second at 0° (angle between crystal axes 90°). Mea- 
surements of the coincidence intensities with these two geometries make it pos- 
sible to determine the y-y correlation and compare it with the calculated corre- 
lation, 

The procedure for measuring the y-y correlation by means of the summing spec- 
trometer was checked in earlier experiments with a Co® source, the y-y correla- 
tion function for which is known with a high degree of accuracy (see preceding 
article). 

In addition to the above experiments, we also determined the absolute y-ray 
yield from a thick S34 target. These measurements were carried out with a semi- 
thick ZnS target with a natural isotopic content of S34, The thickness of the 
target was 20 kev for 1 Mev protons. By way of detector in these experiments we 
used a 70 mm diameter, 60 mm thick NaI(T1l) crystal. The efficiency of this crys- 
tal for detecting 7.4 Mev y-rays was determined experimentally from the yield of 
y-rays from a thick Be? target bombarded with 998 kev protons (Be9(p,y) BLO reac- 
tion). We then evaluated the efficiency of the crystal in detecting 4.38 Mev y- 
rays on the basis of this data. The measured value of the absolute yield of Y- 
rays from the thick S34 target proved to be 2.56°10~9 disintegrations per proton. 
The error in determining the y-rays yield is estimated to be <£15%. 


Discussion 


The experimental angular y-ray distributions were compared. with the theo- 
retical distributions calculated on the basis of different assumptions regarding 
the spins of the resonance and intermediate levels and the multipole orders of 
the y-transitions. Such comparison shows that best agreement is obtained on the 
assumption that the spin of both the resonance and the intermediate levels is 


7/2. The theoretical curves for a 7/2-»7/2-93/2t cascade are given by the solid 
lines in Figs.4 & 5. 
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The measured y-y correlation agrees within the limits of the experimental 
error with the theoretical based on this assumption and thus substantiates the 
7/2 assignment. 

It should be noted that in the cascade in question the angular distribu- 
tions of the two y-rays are very close to each other (cf. Figs.4 & 5). The ener- 
gies of the y-rays are also close. This means that our experimental results and 
inferences do not depend on the sequence of the y-rays in the cascade, i.e., do 
not depend on whether the energy of the intermediate level is 3.17 or 4.38 Mev. 
However, we have assumed throughout that the energy of the intermediate level is 
3.17 Mev, inasmuch as a level of this energy in C135 was observed in the work of 
Ref.5. 

The experimental angular distribution of y-rays associated with the first 
transition from the resonance level with spin 7/2 tc the intermediate level, 
which also has spin 7/2, noticeably (in excess of the experimental error) differs 
from the calculated distribution on the assumption of a pure dipole transition 
(see Fig.4). Hence it may be inferred that in the given case we have a mixture 
of Ml and E2 and, consequently, that the parities of the resonance and intermedi- 
ate levels are the same. 

Consideration of the relative probabilities for the transitions from the 
resonance level to the ground state and to the intermediate state, which have 
spins 3/2+ and 7/2t, respectively, leads to the inference that the parity of the 
resonance and intermediate levels must be odd and that the multipole order of 
the transition from the resonance level to the ground state must be M2. Only 
this assumption regarding the multipole order of the transition and the parity 
of the levels involved can explain the great inhibition (retardation by a factor 
of more than 100) of the cross-over transition to the ground state. The appreci- 
able intensity of the resonance at E, = 1214 kev indicates that of all possible 
orbital momenta of the picked up ean one must give preference to the lowest 
value, i.e., to /, = 3, which in turn, substantiates the inferred odd parity of 
the resonance level. ae ‘ 

According to the shell model, the ground state of Cl is determined by an 
unpaired proton in the d:,,state,and the low-lying level in the 3 to 4 Mev excita- 
tion energy range with spin 7/2- may be due to single-particle excitation with 
transition of the proton from the d:, to the f,, state. However, neither the shell 
model nor the unified model allows of explaining by means of pine cg rex use le ex- 
citation the presence close to 7.55 Mev of yet another level with spin 7/2 » cor~ 
responding to a resonance level. Hence it must be inferred that this level is 
characterized by two- or multiple-particle excitation. 

In connection with this it is interesting to compare the resonance level 
widths determined from experiment with the widths calculated on the basis of the 

i - icle model. ; 
eek tos above, we measured the absolute y-ray yield tore a aeons canon 
Assuming the stopping power of ZnS to be dE/dg = 150 kev-cm/mg, we ree syne 
yl, = 0.1 ev. If we further assume that I, > I,, we obtain a yee ae ies ~ 
for I,. The value of [, calculated according to the single-particle mode e 
Ml transition is 2 ev. The great difference between Se see aa ep Pe % 
pote See ee rion SUEREiER AW? See, single-particle excitation, 
ee in the case of such deviation the probability for an Ml transition is 
eased. . 

Tag tbe to express our gratitude to M.I,Guseva aoe DE ee 
targets and to A.A.Tsygikalo and Fae neae? oe ena Oe papa einer 
static generator for insuring satisfactory operation 
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course of the experiment. 
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MEASUREMENT OF THE NUMBER OF GAMMA-RAYS PER DECAY OF Mo22 
- A.N.Silant'ev 


In the present work we measured the number of y-rays per decay of Mo29 by 
the method of 4nB-y coincidences. In employing this method the source is mount- 
ed inside a 4x B-counter, which is located near the crystal of a scintillation 
spectrometer. A block diagram of the set-up is shown in Fig.l. It will be evi- 
dent from the figure that the multichannel pulse height analyzer detects only the 
pulses from the scintillation counter that are in coincidence with pulses from 
the 4x B-counter. The delay line is introduced in order to correlate the B pul- 
ses with the pulses from the scintillation spectrometer. 

The 4nB-y coincidence method has advantages over 
other methods in the following cases: 1) in measurement 
with sources with a short half-life, 2) in measurements 
with sources having a low activity (10713-10-14 curie) , 
3) in investigating low probability y-transitions, 4) 
in investigating transitions masked by y-radiation emit- 
ted in de-excitation of metastable states, and 5) in 
the presence of a strong y-background. 

One of the principal advantages of the 45B-y co- 
incidence method is that it allows of direct measure- 
ment of the counting coefficient of the 4x counter for 


«Fig.l. Block diagram of the 4xB-y coincidence set- 
up: 1 - source, 2 - 4x B-counter, 3 - scintillation 
crystal, 4 - FEU-S photomultiplier, 5 & 6 - ampli- 
fiers, 7 - VS-9, 8 - VS-16, 9 - "Siren" amplifier, 
10 - wide band amplifier, 11 - delay unit, 12 - 
gating circuit, 13 - "Kalina" scaler, 14 - coinci- 
dence circuit, 15 - multiple channel pulse height 

analyzer. 
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the B-rays from a giv- 
en source. To this 
end one measures sepa- 
rately the singles y- 
spectrum and the co- 
incidence spectrun. 
The ratio of these two 
quantities gives the 
efficiency in detect- 
ac . * 0 | ing the B-spectrum in 
100 200 300 400 500 600 700 800 900 7900  COincidence with the 


fy, kev measured y-spectrum. 
Fig.2. Experimental y-ray coincidence spectrum For a source with a 
(background subtracted). complex B-spectrum 


one can measure the 
efficiency for the partial B-spectrum (except for the B-rays to the ground state). 

In carrying out such measurements it is essential to take into account the 
possibility of simultaneous detection by the crystal of two cascade y-rays. 

The set-up was calibrated with reference to the following "standard" sources: 
Cs137(32 kev), Hg203(71 & 279 kev), Aul98(412 kev) , Nb95(768 kev) and Co69(1332 
kev) e 

For measuring the number of y-rays per decay of Mo99 the activity was applied 
to a thin collodion film. The measurements were repeated over a period of several 
days in order to check the half-life. 

The experimental coincidence curve with the background due to chance coinci- 
dences subtracted is reproduced in Fig.2. The y-ray energies and numbers of 7- 
rays per decay are listed in the accompanying table together with the correspond- 
ing data of other authors. 


Energies of y-rays and number of y-rays per decay 


41 | 40] 40,3 — — p72) 390) — 
; x 4 740 | — = 
140 140.1 | {770 ral EL | ose Oe _ 
Seah 144250 - an ha pana BA920 
Ay | 


18f | 180 | 191° 180 


*y-Rays not yielding coincidences with the B-rays. 
**The 920 kev line may be obtained owing to simultaneous detection by the 
erystal of the two cascade y-rays with energies of 180 and 740 kev. 


The data obtained in the present study are consistent with the decay scheme 
proposed by Levi & Papineau®, Apparently there is a transition from the level 
at 922 kev to the ground state, inasmuch as it is difficult to explain the ob- 
served intensity for the 920 kev line solely on the basis of simultaneous detec- 
tion by the crystal of the 180 and 740 kev cascade y-rays. 


 "y,.G.Khlopin" Radium Institute, 
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MEASUREMENT OF THE NUMBER OF GAMMA-RAYS PER DECAY OF Ba!40 anp prl44 
- B.S.Duznetsov & A.N.Silant'ev 


We measured the number of y-rays per decay of Ba!40 and Pprl44 by the method 
of 4nB-y coincidences (see preceding article). The sources were deposited on col- 
lodion films and inserted into the 4x B-counter, which was located at a distance 
of 2 cm from the crystal of the scintillation spectrometer. 

The Ba was purified of La by the chromatographic procedure. The amount of 
Lal40 impurity in the source was evaluated from the intensity of the 1600 kev y- 
line. The y-spectrum corresponding to the Lal40 impurity was subtracted from the 
experimental spectrum. The Lal4° activity during the time of measurement did not 
exceed 5% of the total activity of the source. All measurements were carried out 
within a period of two hours, during which time the build-up in Lal40 activity 
amounted to no more than 3% of the total Ba activity. Hence the influence of 
radiation from Lal40 on the Bal40 spectrum could be neglected. 


Fig.1. Bal40 coincidence spectrum. y 


The y-ray coincidence spectrum obtained for Ba!#9 is shown in Fig.l. To 
bring out the 30 kev y-line we carried out additional measurements of the y-ray 
coincidence spectrum through a copper absorber 1 g/cm? thick. For bringing out 
the 160 kev y-line we carried out additional measurements through a 1 g/cm“ thick 
lead absorber. We compared the spectrum obtained with the spectrum recorded with- 
out an absorber and, taking into account the weakening of the hard lines, evalua- 
ted the intensity of 160 kev y-rays. 

The values obtained for the number of y-rays per decay of Bal40 are listed 
in the accompanying table together with the y-ray energies and relative intensi- 
ties obtained by other investigators. 

The relative intensities found in our work differ fro 
by Boskma & De Waard*. The reason for this divergence is cies ? gee 
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Relative intensities and numbers of y-rays per decay of Bal40 


E,, kev I, Eykev) I, } Ey, kev By 
Ref.i | Refi2 | Ref-3| Refs]. Refi4 | | Our data 
29,6 30 cui a a ese 
118,5 ~~ - ~ | aes: 
date) | 430 = = 132. | oni¥3 = 2 
162,1 | 162 160 ie 0918. le 462) | vu22n | 46 5 
304 304 305 | 0,42 | 304 | 10 me alk 
421,8 — ~ = | — — 
435,8 | 436 430 | 0,48 | 436] 40 | 430 | 0,05 
906 ,7 O37 037 1,0 537 00 037 0,25 


According to Boskma & De Waard, the B-spectrum of Bal40 consists of four 
components with end-point energies 480, 590, 830 and 1020 kev. The respective 
log ft values are 6.9, 7.1, 8.2 and 8.6. 

Using the data of the present work and earlier investigations, one can evalu- 
ate the relative intensities of the B-components. If we accept the decay scheme 
given by Silant'ev3 and take the conversion coefficient of the 162 kev transition 
to be 0.4 (according to Boskma & De Waard# and the tables of Sliv & Band® »§) , we 
obtain the following values for the listed B-components: 25, 8, 4 and 63%, re- 
spectively. 

Inasmuch as the 162 kev 
transition occurs in 7% of the 
decays (5% y-rays and 2% conver- 
sion electrons), it may be in- 
ferred that 93% of the disinte- 
grations go to the 30 kev level. 
Since 15% of all decays occur 
in the form of y-rays from this 
level, it follows that the con- 
version coefficient for this 


300 400 500 600 700 600 transition is 5.2. This value 
fy,4€¥ indicates that the 30 kev transi- 
Fig.2. Pr144 coincidence spectrum. tion is Ml. 


The number of y-rays per 
decay of pri44 was measured under the same conditions. These measurements were 
carried out both with a source in which Cel44 ana pr!44 were in equilibrium and 
with a source in which the Pr!44 was purified chromatographically of Cel44, The 
results of both series of measurements are in good agreement. We measured the 
number of 695 kev y-rays per decay and obtained a value of 0.012. 

The measurements with the chemically purified pri44 were started half an 
hour after the purification operation and terminated on the average after five 
periods of prl44, Each measurement took 2-4 min. Inasmuch as the measurements 
were carried out by the 4nxB-y coincidence procedure it was not necessary to in- 
troduce any significant correction for the decay of the activity during the time 


of measurement. 4A 
The y-ray coincidence spectrum obtained for Prl is reproduced in Fig.2. 


"y,G.Khlopin" Radium Institute, 
Academy of Sciences of the USSR 
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CONVERSION TRANSITIONS ACCOMPANYING Q-DECAY OF Th229 AND THE 
LEVEL DIAGRAM FOR Ra229 * 
- E.F.Tret'yakov, N.1I.Pirogova & L.L.Gol'din 


Introduction 


Until recently there were virtually no investigations of Q-decay of Th229, 
It was knownt only that the decay proceeds mainly to excited levels of Ra229, 

The first detailed investigation of Th229 q-decay and the excited levels in Ra225 
was that of Gol'din et al2. These authors also reported preliminary data on the 
conversion transitions accompanying the Q-decay. Kocharov et al3 investigated 
the decay of Th229 py means of an ionization chamber. 

In the present work we give the results of investigation of the conversion 
electron spectrum of Ra225 , recorded by means of a more advanced procedure. We 
studied not only the Q-e coincidences, but also y-e (conversion electrons in co- 
incidence with y-rays) and e-y (y-spectrum in coincidence with electron lines) 
coincidences. The conversion electrons were detected by a high luminosity toroid- 
al B-spectrometer*, while the y-rays were detected by a scintillation spectrometer 
consisting of an Nal(T1) crystal, an amplifier and a single-channel analyzer. 


Source Preparation and Measurements 


The measurements were carried out on Th229 obtained by chemical separation 
of the thorium from long-lived U233, We had available two samples of U233, con- 
taining substantially different amounts of Th228 and Th229, 

The. thorium together with the radium and actinium was separated from a solu- 
tion of uranyl nitrate in lanthanum carrier by the fluoride method.° After sepa- 
ration, the thorium was purified of radium with introduction of a barium carrier 
by repeated precipitation of the thorium, lanthanum and actinium hydroxides by 
carbon-free ammonia. Separation of microgram amounts of thorium from the carrier 
(lanthanum) was carried out by triple precipitation of thorium iodate. This also 
eliminated the actinium impurity.& The thorium iodate was dissolved in hot dilute 

*This report was presented at the Tenth All-Union Conference on Nuclear 
Spectroscopy held in Moscow January 1960. 
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Fig.1. e-y coincidences. Light solid line = total y-spectrum ot the equilibrium 
source measured for calibrating the y-spectrometer. Dashed line - spectrum of 
y-rays coinciding with the K conversion electrons of the 193.4 kev transition. 
Heavy solid line - spectrum of y-rays coinciding with the Lyzyz conversion elec- 
trons of the 25.3 kev transition. The curves have been normalized to the number 
of counts in the y-e coincidence channel, measured without discrimination of the 
y-rays in energy. Clearly evident are coincidences of the Lyyyz electrons with y- 
rays with an energy of the order of 200 kev. 
Fig.2. e-y coincidences. Light solid line - total y-spectrum of the equili- 
brium source measured for calibrating the y-spectrometer. Dashed line - spec- 
trum of y-rays yielding coincidences with the K conversion electrons of the 
193.4 kev transition. Heavy solid line - spectrum of y-rays yielding coinci- 
dences with the Lyyz and Lyyzy conversion electrons of the 75.1 kev transition. 
Curves normalized in the same manner as the curves in Fig.l. There are evi- 
dent coincidences of the Lyz and Lyzz electrons with y-rays of ~135 kev energy. 
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Fig.3. Th?29 internal conversion electron spectrum. Solid line - internal con- 

version electron spectrum. Dashed line - spectrum of conversion electrons yield- 

ing coincidences with y-rays without discrimination in the y-channel. Dot dash 
line - efficiency of the B-counter. 
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Fig.3. (cont.) 
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hydrochloric acid containing a small amount of sulfuric acid. After dilution 
with water, the thorium was precipitated from the solution with ammonia and thor- 
oughly washed with water to eliminate the iodate. The thorium hydroxide was con- 
verted to the chloride, which was then used for preparing the source. 

The chemical purification process was monitored at all stages by measuring 
the activity of the decay products of Th228, To this end we used a y-counter 
with a lead shield which discriminated y-rays with energies greater than 2 Mev 
and also a simple "radon" counter (scintillation Q-counter in which the Q-parti- 
cles moving along a straight line could not reach the scintillator). 

The sources were prepared by vacuum evaporation from a tungsten ribbon fila- 
ment, the material being deposited on a thin mica support. The sources were at- 
tached to the case of the NaI(T1l) crystal which served as the detector of the 
scintillation spectrometer. This method of mounting the source insured high ef- 
ficiency for detecting the y-rays (~30%). The relative half-width of the Aul98 
412 kev line was 15%. 

For the y-e coincidence measurements the scintillation y-counter was con- 
nected in coincidence with the electron detector (a scintillation counter with 
a stilbene crystal). The resolving time of the coincidence circuit was about 
10-7 sec. The trigger level of the circuit was set so that coincidences of the 
electrons with the L x-rays would not be recorded. Thus in varying the current 
through the B-spectrometer coil there was measured the number of coincidences of 
the conversion electrons with the K x-radiation and y-radiation from the source. 
Coincidences between the electrons and selected sections of the y-spectrum could 
be investigated by introducing additional appropriate discrimination into the 7- 
channel. 

In investigating the spectrum of y-rays yielding coincidences with selected 
conversion electrons, i.e., in measuring y-e coincidences, we almost always en- 
countered strong interference from the strong characteristic x-radiation. It was 
usually impossible to subtract this reliably from the y-spectrum. Information on 
the stronger y-transitions was therefore obtained simply by comparison of the 
shape of the y-spectrum with the shape of the K x-ray line measured in coinciden- 
ce with some conversion electrons, the emission of which is not accompanied by y- 
radiation. It proved highly important that the shape of the K x-ray line and the 
y-spectrum be investigated simultaneously. Hence the measurements were carried 
out in the following manner. At some position of the y-spectrometer analyzer 
gate, the B-spectrometer was set first on the investigated line and then on a 
reference electron line, which could be any K line giving weak coincidences with 
the y-rays (for example, the K conversion line of the 193.4 or the 210.7 kev tran- 
sition). Then the analyzer gate was shifted one step and the measurements were 
repeated, etc. The y-ray coincidence spectrum was obtained by subtracting the 
spectra so recorded (after normalizing). This method of measurement enabled us 
2 separate the coincidences with y-rays from the coincidences with the x-radia- 

ion. 

The results of two such series of measurements are shown in Figs.1 & 2. In 
oa ae the number of coincidences divided by the total count of y-e 

ences and hence does not d 
sity of the conversion lines. epenc on either the recording time ps Gicmri am 


Results 


The conversion electron spectrum obtained in one of the series of measure- 
ments is reproduced in Fig.3. The more complicated sections of the spectrum were 
also investigated with two different levels of discrimination in the y-channel 
(these curves are not shown in the figure in order not to complicate it unduly). 


- 


‘B-counter efficiency, which fell off to 1% 
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The spectrum shown in Fig.3 was not corrected for the energy dependence of the 


at the end of the spectrum (see dot- 
dash curve in Fig.3). The spectrum shown in the figure was recorded with a new 


source containing a relatively large admixture of Th228, ‘he conversion electron 
spectrum is shown up to 240 kev. The higher energy region was also investigated 
but in it we did not observe any lines belonging to Ra229, 

Table 1 lists the detected and identified conversion lines. The energy of 
the conversion electrons was determined with reference to the K line of the 238.6 
kev BeaesttcR in Bi212, which has been thoroughly studied by Krisyuk et al’ and 
others (Bi is the decay product of Th228; this isotope was always present in 
our sources in the form of an impurity). The calibration in energy was checked 
with reference to a number of conversion lines of the daughters of Th228 and Th229 
and proved to be reasonably accurate. 

The intensity of the conversion transitions relative to Q-decay has been de- 
termined with an accuracy of +20% with reference to the conversion lines of the 
84.5 kev transition accompanying Q-decay of Th228, The intensity of this transi- 
tion (28%) is known from the data of Asaro et al8. The ratio between the Q-activi- 
ty of Th228 and Th229, which is necessary for evaluating the intensities of the 
Ra225 conversion lines, was determined for one of the samples by G.I.Novikov on a 
magnetic Q-spectrometer. 

Analysis of the data of Table 1 leads to the list of converted transitions 
given in Table 2. In cases when it was feasible to determine reliably the multi- 
pole order of the radiation, we give the total intensity of the transition. The 
multipole orders were determined primarily on the basis of the Ly:Lyyz:Lyyz and 
K:L ratios and from the ratio of the x- and y-radiations measured in investigating 
the e-y coincidences. 


Level Diagram 


The experimental results obtained enabled us to construct the Ra225 level 
diagram shown in Fig.2. The results of investigation of Q-decay of Th229 | taken 
from Ref.2, are given in the left part of the diagram, where we indicate the ener- 
gies of the levels (A, 20» etc.) calculated from the Q-spectrum and the popula- 
tion of the levels in percent. At the right we give the level parameters obtain- 
ed on the basis of analysis of the conversion electron spectrun. 

In investigating the y-radiation and conversion electrons there are evinced 
transitions between levels that are poorly populated in Q-decay. We shall begin 
our discussion of the Ra225 diagram with these levels. 

1. As will be evident from Fig.4, it proved necessary to introduce a new 


evel (not evinced in investigating O-decay of Th229) located 25.3 kev below the 


Q level. This was necessary because there was observed a 25.3 kev transition of 
very appreciable intensity (70%) in cascade with the 17.3 kev transition (17.3 + 
+ 25.3 = 42.6 kev; we note that there is a 42.7 + 0.2 kev transition). In addi- 
tion, investigation of the e-y coincidences showed that the conversion electrons 
of the 25.3 (Fig.1) and 42.7 kev transitions yield coincidences with y-rays of up 
to 200 kev energy. 

The necessity of introducing a level below Qo also follows from considera- 
tion of the results of Kocharov et al3 obtained in investigating the Q-spectrum 
of Th229 py means of an ionization spectrometer. These authors used the method 


of e-y coincidences for resolving the main group of Q-particles (corresponding 


to Q-decay to the ground level of the daughter nucleus). In this case the Q- 


line corresponding to the transition to the ground level should disappear. Ex- 


amination of Fig.4 of Ref.3 shows, however, that the Q line does not completely 
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Table 1 


List of conversion electron lines 


ergies of Y- 


fe See 
foltemaee cor Identification Bad aencaee 
atl ith conv. clec— 
oe jtrons, kev 

2 3 f a: Tas 
i (jail 0,4 10 i L, 25,3 

2 6,87 0,4 13 15 Ly; 25,39 

Se Sei4eal Osseaod 7 Auger Ly Lyy —2My yy & Lyx 23,8 

4| 9,83 |0,05| 38 | 22 Lgl 2aee 90,240 
Hyg lal A8)e/ O52 20 7 Auger L—2M 

6 | 12,40 0,05 | 25 18 M, 17,21 190 
TED comnliowe? | AED es 12°30. 0 oF 1313 190 210 
Salat 3o On2 6 Zit3) Auger L— MN 

@.[5 15, 7EeilO, 25 faa lute (Ly 34445) 

OR mLGROG 0,07 | 10 6 Ny, 17,26 190 

il a a2 OR 3 re O, 17,22 & Au g-L —2N 

Dol), ilfe}.ce) 0,2 il 5G) Lest) M, 23,6 

13] 19,2 |0,2 | 4,5] 4,5 My, 23,7 

{e200 a2 O05) |) 42 141 K 124,45 

pe hep ieee: M, + My 2544 

tA PEL lve Oe eae M yyy 25,27 

i |) 2S OF 0,6 1,9 

LSmleconee Ord 6 i) L, 42,6 190 

19 | 24,2 Ont 10 7 Ly 42,7 & N 25,4 

POvieZone O) 23 0,8 — 

i a ale ot oan ae Lyy 42,66 & M 32 190 

Om eoon) 0,2 3 3 Kkei3t9 

Pees || ail) OFS — 0,5 Neste 5 

24 | 30,9 ORZ 0,7} 0,4 

Dy |) 38),(08) 0 Uae nOm| ae.) K 136,96 

26 | 34,25 OFS 0,6} 0,4 

27 | 36506 0,2 _ 0,5 

28 | 34,43 | 0,07| 3,0] 2:4 L, 56,66 ap 

Salk Sa ily Oe at hedenel gO M 42,5 

OM) a0 sal Psy || esti) K 143,0 

31 | 41,40 0,2 Ooi WG N 42,4 

SZ aon e 0,4 0,3; — 

Ge) [papel 0,4 — 0,3 

34 | 49;5 "1 0,3°1 0,6]? L, 68,7 

35 | 50,28 0,1 3,5 3,0 K 154,21 

36. | 50,50 | 0.3 | ol7] ? Liz 69,0 

sie gigas Oho nb cerenlanda’ M 56,7 

38 | 02,04 (Osi 5 3) K 156,47 

39 | 5254 1o4 | 0,7] > Lin 69,03 

40 | 56,58 |0,05| 7,5| 3,6 Diy) 75,06 fue 

41| 59,7 | 0,07] 6,0] 3,0 Loy 75,44 ant 

42| 66,0 | 0,1 | Ref.| — Ly, 84,48 Ra? 

43} 67,12 0,4 ditees 9,0 L,; 86,35 124 

44.| 68,8 | 0,4..|-Ref.|.— Li 84,24 Ra? 

bt iy i al a Mi Ma 150 

46 | 74,1 10,4 Oa Oe IN, 715. 4 

Gralogo emi) onal Fah iet Mi, +My; 84,4 Ra 

48| 81,54 Jo | — | 2,5 M, 86,35 

49 | 83,43 0,2 — — N 84,4 Ra224 

00 | 85,26 0,2 — 0,7 N 86,26 

of | 89,46 COs 9 8.5 K 193,39 


*The intensity of the peak increased with time. 
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(Table 1 continued) 


v3 Un— Nedstat | Encrgies of 
Ee~ kev b ain | Oedecay, % Identification ee ee 
: Total ing coinci- 
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—_ CV. electrons, kev 
1 2 3 4 5 6 i ‘a 
- e \ 
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oo 99,8 eis SS" SiO K 203.7 Baz 
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ae tise oe tO Pes a L 131,8 
SOM mA SAO MO. 2 Paty. pe Li, 43635 
60 dd4 20k bliO Sealers ile = M 124,8 
SLE ae ae L, 142,7 
SU eR ee M 136,8 
63 | 136,9 [0,2 | 1,0 | — | Ly 156, 1 | 
SNS PO wh Ab cores K 242,4 
G5 Med4Sc4 ct] Ree be den dak K 238,6 Bi2?2 
moto A 05 10 | M 154,2 
Cry 15h “P05 40 2 Yo M 156,3 
6Shat6lchrebO50/100.3 dyes Ly 180,0 
GO ah G4 ehh Deby il 0520 4-2 Lip 179.8 
TQ) 865.2, 010, 5e he =. 40,02 K (2) 269,2 
Tei to Tt tl L, 193,6 
ee Ele ie ee M 193,6 
Fink 18908 Wi 0 Teh 47 10,02 
Er ae Te Teal 0ai 
OCT a en ee i a M 241,7 
76 | 209,6 | 0,3 = * £2300, be! 
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*The intensity of the peak increased with time. 


Table 2 
Transitions between levels in Ra225 
Un— [Intensity Multi-| Un— | ntcnsity ! f 
No By eayot|ect= gayle el || arene N - Sin TAME AHO) : Mul ti- 
= 3, ke tain-| adecay, No. 7) eV: ain-| &decay, | pole 
ty, % order ive %, alate 
ev ail kev ang 
1 17 3 0,1 30 M\1 12 es oe) 0,2 3 
2 Aad Sy feat Os 5 13 137<0.cle 0,4 Oe tine gi 
3 Jie eA 70 EA 14 143 ,0 0,2 3 { 
4 32 0,7 5+3 |M1-+ £2)| 15 154,2 0,2 4 oe CAEL 
5 42RG THO, 2 26 E41 16 | 156,5 | 0,2 6 | M1 
6 56,7 0,2 3 M1 17 A799) OF 0,9 
a 68,9 O35 3 Mi-+ £2 18 193,4 Ont 16 | AM 
ee 754 NO 4 18 B2 (Goal 210, avo 10 MI 
9 86,3 0,1 15 M1 20 217,0 0,4 | 0,7+0,1 
10 LO a2 Ono 1 PAN 242 ,2 0,3 | 0,3+0,1 
11 124,4 0,2 az, M1 22 269 1,0 |0,10+0,05 


disappear, as occurs, for example, in the case of Th228 (Fig.3 in Ref.3). 
2. It also proved necessary to introduce a level close to the Q 914 level. 


“According to our measurements, the energy of the O914 level relative to the Qo 
level is 210.7 kev. This value, which is obtained for the cross-over transition, 


is substantiated by a number of cascades: 17.3 + 193.4 = 210.7; 86.3 + 124.4 = 
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«-Fig.4. Diagram of the low- 

07g = ae (401) lying levels of Ra225, At 
the left - level energies 

and O-decay intensities to 

330? the indicated levels taken 


os02 15 80 _| from Ref.2 (except for the 
| 95.3 level). At the right 
254 10 —9 294? - energies, spins and pari- 
268 | ties deduced by analysis of 
L245 1,4 9 9 9 267,8 We ¥ the conversion electron spec- 
242,2 156,5 MiJ2 MI+EZ? trum. 
ese | case 2374 3 a 
Selatan brea laine ae és = 210.7; 56.6 + 154.2 = 210.8. 
me ee It was found, however, that the 
ey Fe lines corresponding to the inten= 
| se 75.1 kev transition that is 
756 10,7 1 75, See "4 not converted on the K shell, 
ABER ieee coincide in more than half the 
Ojg5 0,25 sabed 149,7 Ye or§2z+ cases with the K x-radiation. 
124.4 Mf We investigated the spectrum of 
pelle y-rays yielding coincidences 
ge 6 SHE 11,4 5/2 + with the conversion electrons of 
7g 3,4 100,4 9/2 + the 75.1 kev transition (Fig.2). 
eee The energy of the y-rays coincid- 
ay ee (70) ing with the Lyz and Lyyzz elec- 
ea trons of the 75.1 kev transition 
~ : J is approximately 135 kev. The 
hie hy A | Oe Taig os ees < only converted transition that 
Ly 67% . 25,3 5/2 + ; = ; 
259 EN 2 can provide this y-e coincidence 
(oc 0 5/2 or 5/2 - intensity has an energy of 137.0 
25,9) Rae2s kev. The 137.0 kev (M1) transi- 


tion is converted mainly on the 

K shell. Obviously, however, 
137.0 + 75.1 = 212.1 and not 210.7. One can advance three different hypotheses: 
a) the 75.1 kev level is populated from the 154.2 kev level by a weakly converted 
El type transition (the energy of the y-rays of this transition coincide with the 
energy of the K x-rays) and also by a weakly converted transition from the Oe14 
level, yielding coincidences with the y-spectrum (Ey = 135 kev); b) among the ex- 
cited levels of Ra225 there is an Q_1,9 level; c) there is an Q919.1 level popu- 
lated in Q-decay of Th229, We chose the last possibility, inasmuch as the first 
two hypotheses lead to very great difficulties in constructing the level diagram. 
It should be noted that introduction of such a level is not in conflict with the 
available data on the Q-spectrum of Th229, inasmuch as the resolution of our Q- 
spectrometer was not sufficient to detect 1.2 kev broadening of the Q'o14 line. 

3. The energy of the 86.3 kev transition almost coincides with the energy of 
the gg level, observed in investigating the Q-spectrum. We deemed it preferable, 
however, to locate this transition in a different place, namely, between the 210.7 
level and the 124.4 level. This decision was prompted by the fact that the 86.3 
kev transition almost fully (~80%) coincides with the K x-radiation. This loca- 
tion is possible only with the above described arrangement of the transitions in- 
asmuch as the Ogg level is strongly populated in a-decay (6%) , while Q-decay to 
the Q195 level is very weak (0.25%). We detected only one transition from the 
Qgg level: 68.9 kev (Ml + E2). This transition was found by subtracting the y-e 
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coincidence count from the total 6-spectrum. 
may actually be greater than indicated, owing 
tion that coincides with the x-radiation. 


4. It was hypothesized in the work of Ref.2 that the @ 


214 and @ levels 
are the first two levels of a rotational band. In this case there bint occur be- 


tween these levels a relatively intense transition of the Ml + E2 type. Such a 
transition was observed. Its energy is 32 + 0.7 kev, and its intensity is of the 
order of 5%. The e-y coincidence measurements showed that this transition yields 
coincidences with y-rays of up to 210 kev energy. This indicates that this tran- 
sition occurs between high-lying levels. In the conversion electron spectrum re~- 
produced in Fig.3 the L lines of the 32 kev transition are located on the sides 
of the M and N lines of the 17.3 kev transition, which yields coincidences with 
the 193.4 kev y-rays. This prevented us from determining the multipole order of 
the 32 kev transition. In all probability it is almost pure Ml. 

5. The spins and parities of the levels (Qo and higher) are indicated in 
Fig.4 on the basis of the data on the multipole orders of the transitions and 
the relative intensities of the lines. As a point of departure we assumed that 
the 914 level has spin and parity 5/2*. This value follows from the fact that 
the transition from U233 to the A214 level of Ra225 occurs by way of two allowed 
Q-transitions (AI = 0, no). The spin of the ground state of U233 ig 5/2 and the 
parity is even (see Ref.9). 

6. We now turn to the spin and parity of the Q.95,3 level. The L conversion 
lines of the 25.3 kev transition from the Q level to the O95 3 level lie at the 
sensitivity threshold of the counter. Hence in order to determine the multipole 
order we used the M lines. It was assumed that the M subshell conversion coeffi- 
cients are approximately equal to the L subshell coefficients. The experimental 
MI:Myr:Myyz line intensity ratios are 4:6:9, which almost agrees with the theo- 
retical Ly:Lyy:Lyyzy ratios for an El transition (4:6.6:9) and is in conflict with 
the theoretical ratios for all other multipole orders. Hence we accepted the El 
assignment for the 25.3 kev transition. (The M lines of the 25.3 kev transition 
are not visible in Fig.3, but they were clearly evinced in other series of mea- 
surements, when appropriate discrimination was introduced into the y-channel to 
bring out the coincidences with high energy y-rays.) 

The intensities of the L lines of the 42.7 kev transition are greatly dis- 
torted by superposition of other lines. If, however, one subtracts from the 
Lyz-42.7 line the N-25.3 line superimposed upon it (the intensity of the N-25.3 
line is known) one can carry out a comparison of the Ly:Lyy:Lyyzz ratios with the 
theoretical values. The experimental Ly:Lyyz:Lyzz ratios are 5:4:4; the theoreti- 
cal ratios for an El transition are 5:4.3:4.8. In this case, however, we cannot 
entirely exclude the possibility of other multipolarities inasmuch as a close 
value of the ratios may obtain for a mixture of Ml + E2. Nevertheless, it seems 

probable that this transition is predominantly El. 
It follows from the above data and the values inferred for the spins of the 
OQ and Qgo levels that the O_95,3 level has spin 5/2 or 3/2 and odd parity. 

As was noted above, no transition to the Q_95,3 level was observed in the 
Q-spectrum of Th229, presumably Q-decay to this level is strongly forbidden ow- 
ing to the fact that its parity is opposite to the parity of the other levels of 

225, 
% We desire to express our sincere gratitude to G.i.Grishuk, V.F.Konyaev, Yu. 
N.Chernov and S.V.Kalashnikov for assistance in carrying out the experiments. 


The intensity of this transition 
to the part of the 68.9 kev radia- 
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CONCERNING ELECTROMAGNETIC TRANSITIONS OF MULTIPOLE ORDER L =| J;— J; |-+-1 
- M.E.Voikhanskii 


Experimental data on nuclear level lifetimes for gamma emission are usually 
compared with the independent-particle model calculations for single-particle 


transition probabilities.1,2 According to such calculations, the half-life for 
a proton HL transition is given by 


La a) 


and for an Mltransition by 


1) pop —. O-458L [(2L + 1)1]2 (LL -- 3 \2 £497\ abt OTe ae 
TUT = Ly Stas e-\ Re STI 102" ec (1) 


y / 


TH) (Ly See eet OE (te a reine Res. TTT) gecteeece) 


L+41 BE. R 
where R=r,A’: is the nuclear radius in units of 10713 om, 

In Weisskopf's! expression for 7'})(ML) the dimensionless factor M,is a 
constant (V,,= 10). According to Moszkowski2, however, M,is given in terms of 
the proton magnetic moment u, and the multipole order L: 

/ L& Ve 
My =(LYp—za7} - (3) 

In the framework of this theory, the dependence of 7!) (KL) and T\j)(ML) on 
the initial and final spins /; and /; is given by the statistical factor S(J;LJj). 
For single-particle states, 


1 \ 
VA ( F Jil; Ji; el 


ps4 (4) 


iS. (Spel 4) == 
for an ‘1 transition. When the transition is a magnetic multipole, 
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2J,+1 , 
ae J f= 1, — 47/0. oe x ; > 
The function Z, (abed: =L) entering into expressions (4)-(6) is a combination 


of W (abed; = L) Racah and Clebsch-Gordan coefficients.3 


With the given values of Ji,/; and Ll, the statistical factor does not depend 
on whether the transition is electric or magnetic, or on the kinds of ee that 
y sat 1 — 
are involved in the transition (j=J;+1/s,Js=4/2 oF Jim litle, Jy = y+ */2). 
Therefore, if J;, J; and the multipole order L are given, equations (4)-(6) all 
lead to the same result. ; ; 
The numerical values of the S(J,LJ;) for y-transitions of multipole order 
L=|J:—J;| are given in Table 1.* One does not usually include S(J,LJ;) in rough 
oo r 
a= *Siegbahn's volume? gives an incorrect value for S(J;LJ;) when J; =*l, Jp = 
The correct value is 100/33, rather than the 25/33 given there. This error is 


repeated in other works. 
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Table 1 
Statistical factor S(J,£J;) for EL and ML transitions with L= | J;—d;, | 
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Table 2 
Statistical factor S(J,LJ,, for EL and ML transitions with L= |Ji—J;|+1 
Ji 

J 13 

f 1/, 3/, | 5/o | "Wo 9/o my | | 5 
Tea! 1 t 1 ! a 4 
3/5 2 aE ay. Lf /u 9/13 HE 
3 3 ay; Te ap van sid aie 3/13 
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%/y a) in 10/53 25/931 1/33 29/409 35/429 
1/5 6 /ig 60/448 *5 /409 10/143 3/143 8/443 
13/5 af "15 "lis 35/443 49/409 7/143 Ves 


evaluations of the y-transition probability, since this factor is generally close 
to unity. This is true, however, only if /; >J; and then only for transitions of 
the lowest possible multipole order L=|J;—J;|. 

In many cases, in addition to radiation of multipole order L, =|J;— J;| 
transitions of the next higher order L,=|/;—J;|+-1 may occur (for instance, Ml + 
+ E2). One usually assumes the factor S(J,L/J;) in the expressions for T}/) to be 
the same for both types of transitions. Calculations show, however, that this is 
true only if the spin of the initial or final state is 1/2. Otherwise, the values 
of S(J,LJ;) for L=|J,—J;|+1 transitions are on the average an order of magni- 
tude smaller than the corresponding ones for L=|J/;—J;| transitions. Table 2 
gives the statistical factors for y-transitions of the higher orders. 

Of greatest importance are mixed transitions of the Ml + E2 or El + M2 type. 
Calculation of S(J,LJ;) for such transitions will uncover various effects depend- 
ing on the initial and final spins. 

DT) Lat J; 224), or J; ==4/,, but J,;+-J; the dipole and quadrupole transitions 
have the same values of 5S (J;,L//}). 

2) If J;,J/;:1/2 and J,=-J; the statistical factor tends somewhat to increase 
(by a factor of 1.2—-1.7) the probability for dipole radiation, and to decrease 
(by a factor of 20 or greater) the probability for quadrupole radiation. 

3) For transitions 


Table 3 between states with equal 

Statistical factor S(JLJ) for transitions spins (J;=J;), the statis- 
with J;=J,=J tical factor leads to the 
7 opposite effect. Namely, 


the probability for dipole 
radiation is greatly de- 
ee creased (by a factor of 

8/13 50 or more), while the 
probability for quadrupole 
radiation remains essential 
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ly unaltered. This is related to the fact that for the dipole radiation 
‘L=|J,—J;|+1 for which S(J,LJ;) is small, while the quadrupole radiation has 
L=|J;—J;|+ 2 which has a statistical factor close to unity, just as in the 
ordinary [—|J,—J;| case. Numerical values of S(J,LJ;) for transitions between 
states with equal initial and final spins are given in Table 3. 

Let us consider in somewhat more detail the factor M,in Eq.(2). Magnetic 
radiation of multipole order L=|J;—J;| can occur only for transitions of the 
form J;=1;+1/,-J;=l;—1, or Ji =l,—*),>J;=1,4+1/,. In both types of transi- 
tions M, is the same and is given by (3). In the case of magnetic multipoles of 
order | =|J;—J;|+ 1 one must differentiate4 between J,=h+'.-J;=1 +. tran- 
sitions and J; = 1; —1/,—J,; =1; —}/, transitions, which have different values of M,. 
For such transitions /,, depends not only on the magnetic moment of the nucleon 

and the multipole order of the transition, but 


Table 4 also on the initial and final spins. Table 4 
Expressions for M,for four gives expressions for M, for four possible types 
possible types of of magnetic transitions. In this table J, de- 
magnetic transitions notes the greater, and J. the lesser of /,; and 
digs When it is a neutron which is undergoing 
Jj Jj | My, magnetic transition, rather than a proton, one 
must replace yu, = 2.79 by pp, = -1.91 and drop 
Le | Ye ies: the second term in the brackets. 
pay iets), \ elas | It would thus seem that for magnetic multi- 


2 poles of order 4 ={|J;—J;|+1 the initial and 

Mt =| final spin dependence of the transition is in- 

: 2I54=3 72 cluded (according to Moszkowski) not only in 
[»- | S(J,LJ;), but also in M,. The expressions given 

by Weisskopf give this dependence only in 

S (J;LJ;). 

Electric and magnetic transitions of multipole orders L,=—|/;—/;| and 
L,=|/J;—J;|\|+ 1 have very different values of the statistical factor 5S(J/,LJ;) 
(unless J;=1/, or J;=3/2). 

; I express my gratitude to L.A.Sliv for his interest in the work. 
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* 
DISTINCTIVE FEATURES OF DEFORMED ODD-—ODD NUCLEI WITH K = O 
- D.A.Varshalovich & L.K. Peker 


In even-even and in some odd-odd deformed nuclei there are observed states 
with K = Ot as well as rotational levels associated with them.1-6 In cases when 
all the nucleons in the nucleus are bound in pairs (this obtains in the ground 
and collectivet* excited states of even-even nuclei) the properties of the rota- 
tional bands with K = 0 have been investigated thoroughly both theoretically and 
experimentally. It has been shown, for example, that such a rotational band with 
K = O+ comprises levels only with even spins (I = Ot, 2+, 4+...), while the band 
with K = 07 consists only of levels with odd spins (I=1°, 3°, Soh) oe 

Between the levels of one rotational band there occur only E2 type y-transi- 
tions and the energy of these transitions in the first approximation is given by 
the simple formula 


Exog= Ep Ali +, (1) 


where A = #?/2J and Ey) is the internal energy associated with the motion of the 
individual nucleons. This energy is the same for all the levels of the rotation- 
al band. 

On the other hand, the properties of rotational states with K = O in which 
there are unpaired nucleons have scarcely been studied, although they should ex- 
hibit a number of interesting features. Such states may be encountered in odd- 
odd nuclei containing an odd proton or neutron and in strongly excited even-even 
nuclei when the excitation energy is greater than the nucleon pairing energy, 
i.e., greater than 1 Mev. 

Now that there have appeared the first experimental data on such states in 
some odd-odd nuclei, detailed consideration of their properties is of appreciable 
practical interest. It must be emphasized that although in the present study we 
shall be primarily concerned with the properties of the rotational levels of odd- 
odd nuclei, all the inferences drawn apply fully to excited states of even-even 
nuclei containing unpaired nucleons. 


1. Wave Function 


It was shown by Bohr’ that the wave function of a nucleus characterized by 
symmetry as regards reflection in the plane perpendicular to the nuclear axis 
(axial symmetry) can be written in the form 


p(IMK) =f Tt (haw (8) 5 + (— 1) Dw (8) x2, (2) 


where xj characterizes the internal nucleon motion and Dix (8) describes the rota- 
tion of the nucleus as a whole. The internal motion of the nucleons in an odd- 


odd nucleus is determined primarily by the states of the odd proton y% (p) and neu- 
tron xf (n): a 


*The ag tele trcaanith results of this investigation pertaining to the distinctive 
features of Am242, Tal80m and Lul76m were presented at the Tenth All-Union Confer- 
ence on Nuclear Spectroscopy (Moscow, Jan.1960). 

eleretti such states one may classify quadrupole vibrational and "pair" levels 
with K = OF as well as octupole vibrational levels with K = 07. 
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XK (P, n) = >} Ce ox (P) XO, (n). (3a) 


In general nucleon pair correlation can mix states with different values of a2 
and ®,, nevertheless K remains a good quantum number. Hence in expansion (3a) 
one must take into account only states « and 8 for which Oe Ore To simpli- 
fy the notation hereinafter we shall omit the summation sign and write simply 


Ke (P) ”) = x8, (P) x2, (n), (3b) 


peerecd of (3a). For a rotational band with K = 0 (Qp = —Q,,) Dux (8) = Dy_x (9) = 
= Dyo(%) and function (2) is simplified and can be written in the form 


" 2I +1 = 
p (IK = 0M) = ane Digo (8) (x5, (P) x8, (n) + (—)¥?* mya, (p) ¥8,(n)} (even 1) (4a) 
~Ok = OM)= Vy “ar Divo (8) (x8 (2) x80, (n) —(—)*”* yx, (p) AB (n)} Codd I) (4b) 


Despite the identical states of the odd neutron and proton, the internal 
wave functions describing levels of the same rotational band will differ for 
levels with even and odd spin. 


2. Rotational Levels 


Inasmuch as the functions (4a) and (4b) are nonzero*t*, there are realized 
in a rotational band with K = 0 levels with both even and odd spins I = 0,1,2,3, 
4,..., and with the same parity. Owing to the difference between the functions 
(4a) and (4b), however, the internal nuclear energy fo is not the same for levels 
with even and odd I. This I dependence of EF, can be taken into account by writing 
(1) in the form 


Erop= B(— 1)? + APU +4), (5) 


where Rex Eo, even _ Eo, odd 


It follows that rotational levels with even and odd spins are "shifted" 
relative to each other. Thus the rotational band breaks up into two groups of 
levels (Fig.1): a group with I = 07, 2%, 4% ..., and a group with I = Lu3=, 
5+ .... The level energies in each group are described by E=All(I+ 1) — Lo 
(Io + 1)], Where Jo is 0 orl, respectively. 


The parameter A= is the same for both groups. The parameter B may be 


either positive or negative. Its magnitude depends on the character of the nu- 
clear forces, in particular, on the interaction of the odd proton and neutron, 
*It can be shown that in most cases a predominant role is played by only 
one term in the expansion (3a) and that the other terms are small. 
**In states of even-even nuclei wherein all the nucleons are bound into pairs 
in (4) one should write %, (n) instead of 7, (p) (or vice versa). It can be shown 
that in this case function (4b) vanishes and the corresponding states with odd 


spins are not realized. 
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and on the details of the internal wave function. 

Using Eq.(5), it can readily be shown that with B< A the level with I = 0 
is the lowest level in the band with K = 0. This condition is fulfilled, for ex- 
ample, in g7Hol66 (T = 27 hr), for which A = 9 kev and B = -32 kev. Recently 
there have been obtained many experimental data on the properties of the ground 
state and low-lying excited levels of this nucleus. Data® on the character of 
B7-decay of HolS6 and direct measurements? of the spin showed that the ground 
state of this nucleus is described by I = 0~. This agrees with the assigned con- 
figuration p7/, [523] and n7/.* [633].19 It follows from the data on the multipole 
orders and intensities of the y-transitions accompanying B-decay of Dy156 (Fig. 2) 
that the 54 kev level in Hol66 has I = 2- and K = 07, while the 82 kev level is 
characterized by I = 17 and K = 07-.11-13 These quantum assignments for the 0, 

54 and 82 kev levels give reason to assume that these levels belong to one rota- 
tional band. A further argument in favor of this is furnished by the results of 
evaluation of the moment of inertia of the ground state of HolS6, According to 
the rule set forth in Ref.14, the moment of inertia of an odd-odd nucleus with 
mass number A may be written in the form 


ies Jo, et 8p + OSn, (7) 


where Jé,c, is the "average" moment of inertia of an even-even nucleus with the 
same A (moment averaged over a number of neighboring even-even nuclei), and 
b&J pm) =4e.o-—Je.c. is the specific contribution of the odd proton (or neutron) , 
dependent on its quantum characteristics; 5/, (m) can be found by comparing the 
moments of inertia of even-odd and even-even nuclei. 

Using the values of Je.c, and Je.o. known from experiments, it can be shown 
that for a proton in the */, [523] state, d/,—=0.18Jc.c., while for a neutron in 
the. ‘/," [633] state 6J,~0.35Je.c. and, consequently, Jo.o 1.53Je.c.+ The energy of 
the first rotational 2* level in the even-even nucleus ggEr166 is 80.5 kev.L 
Hence it may be inferred that the energy of the first rotational level with I = 
= 2” in g¢7Hol66 will be lower by a factor of 1.53, i.e., will be equal to ~53 kev. 
This value is in good agreement with the experimental value of 54 kev and hence 
substantiates the assumption that this is a rotational level. 

The presence in Hol66 of a rotational band comprising levels with I = O= ig 
and 2~ and the location of the 1~ level above the 2- level are experimental facts 
that substantiate the above inference that the band with K = 0 must contain levels 


= 21% = 


Table 1 
B-decay of odd-odd nuclei with I = 1 to levels of the daughter nuclei 


with I = OF and 2+ (Refs.3 & 4) 
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* A = (lof ft), —(1og fa)gy. 


with even and odd spins shifted relative to each other. 

It is interesting to note that in radiative thermal neutron capture by Hol65 
there is observed in the spectrum of the daughter Hol66 g y-line of 121 kev ener- 
gy.15-17 fJnasmuch as this line is rather intense, it may be assumed that the giv- 
en y-transition occurs between low-lying excited levels in Hol66, Comparing the 
energy of this transition with the expected energy for transitions between the 
'levels of the rotational band it can be inferred that this transition may be 
either 47> —-2- transition or a 37-*2~ transition (Fig.2). In all probability the 
observed line is due to both transitions, i.e., the 121 kev line is a double one. 
It would be of interest to check this experimentally. 

An analogous rotational band is encountered in 91Pa234, According to the 
data!? on B-decay of UXg (1.2 min Pa234), its ground state has spin zero. More- 
over, this state, like the 91 kev level in Pa234 is obtained directly in B™-de- 
cay of Th234 (UX). The decay of Th234 is accompanied by emission of y-rays hav- 
ing energies of 91, 63 and 29 kev.2,3 There is no B~-transition to the intermedi- 
ate 29 (or 63) kev level. Inasmuch as in the spectrum of conversion electrons 
from the 91 and 63 kev transitions the strongest are the lines corresponding to 
conversion on the Lt subshell, it may be inferred that these transitions are mag- 
netic dipole transitions (in the original investigations2,3 it was assumed that 
the 63 kev transition is El). 

Making use of the above rules, we calculated the moment of inertia for the 
state of Pa234 with spin 0, assuming that the 9lst proton is in the °/,* [642] state 
(analogous to the proton in Np237 and Np239), and the 143rd neutron occupies the 
-5/,* [633] level (analogous to the neutron in U233), The energy calculated on the 
basis of the deduced moment of inertia for the first rotational level with I = 2 
is 28 kev, which is in good agreement with the observed transition energy (29 


kev). 
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All these data indicate that in B~-decay of goTh234 to 9)Pa254 there are ex- 
cited 0 (0+), 29 (2+), and 91 kev (1+) levels, which may be interpreted as mem- 
bers of one rotational band with K = 0, A= +4.8 and B= -41 kev. 

In the case when A < B the I = 1 rotational level of the band with K = 0 
must be located below the I = O level (Fig.1,b). Is this arrangement actually 
realized? It is easiest to check this if the state in question is the ground 
state or an isomeric state and undergoes B-decay. Hence for analysisl9 we chose 
a number of odd-odd nuclei for which the experimental data2,3 directly or in- 
directly indicate I = 1 (Table 1). Naturally, in the decay of these nuclei there 
are observed B-transitions both to the ground state of the daughter even-even 
nucleus with I = Ot and to its first excited level with I = 2+. Inasmuch as both 
final states belong to the same rotational band and the B-transitions are of the 
same type, the ratio of their reduced probabilities (ft)2:/(ft)o+ is expressed only 
in terms of Clebsch-Gordan coefficients which depend on I, L (multipole order of 
the transition) and K. 

In all the cases under consideration the values of I, L and K are known, 
but for the initial state with I = 1 one must allow for two possible values of 
K, namely, 0 or 1. Inasmuch as the ratio of the reduced B-transition probabili- 
ties is highly sensitive to replacement of K = 0 by K = 1 (it changes by a factor 
of 4), even a rough measurement of the intensities of the two B-transitions allows 
of unambiguous determination of K for the odd-odd nucleus. 

It will be evident from Table 1 that both 73Ta180m (T = 8.15 hr) and gsAm242 
(T = 16 hr) have K = 0.* These values of K for the given nuclei can be explained 
by means of Nilsson's scheme inasmuch as for them one can expect that 2, = , and 
K = |Q2,—Q,| = O- (in Tal80m p%/."[514]; n °/.*[624] or p7/2* [404]; n 7/2" [514]); in Am242 
p®/s [523]; n®/s* [622]). 1 

A similar band with K = 07 should occur in 7,Lu!76, inasmuch as in the ground 
state of this nucleus p’/,* [404] and n7/, [514]. Apparently this state is identical 
with the familiar isomeric state (3.7 hr Lul76mM) the spin of which according to 
the decay scheme? and the results of direct measurements22 is 1. It is not im- 
possible that a similar situation obtains in 93Np240 (T = 7.3 min) 23 which has 
spin I = 1, inasmuch as its probable configuration p°*/.* [642] and n°/.* [622] (in 
Np240) leads to K = 0.** 


3. Electric and Magnetic Moments 


For nuclei for which there is fulfilled the condition A < B and the ground 
or isomeric state has I = 1, but K = 0, there can be predicted the absolute val- 


ues and the signs of the electric quadrupole moments Q and the magnetic dipole 
moments wu. 


For the quadrupole moment, as is known, there obtains the relationl 


_ 3K2?—1( 4-1) 
0 = TEHerHs3 Qo 


where Q) is the internal quadrupole moment. 


(8) 


*Winocur et al20 showed by direct measurements that the spin of 16-hr Am242 
is 1, while Asaro et al2! found from analysis of B-decay that for this state K = 0 

**In Np240 there were detected two close lying levels with I = 1+ (Ref.23) | 
Possibly the indicated configuration and K = Ot pertain not to the 7.3 ie Soe 
stable state but to some higher lying level in Np240, a 
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It will readily be evident that in states with K = 0 and I =1 


Inasmuch as it may be assumed that deformed nuclei are prolate, we have Qo > 0 
and Q<0. Apparently, this serves to explain the negative sign of the quadru- 
pole moment found experimentally for Am242 (Refs.20 & Zi) 

Using the experimental values of Qo found for neighboring even-even or odd 
nuclei, one can by means of Eq.(9) calculate the absolute values of the quadru- 
pole moments of Lul76m, 7[g180m ang Am242, 

The magnetic moments of deformed nuclei are given byl 


K2 
w= (8 — 8x) Faq t Be! (10) 


where gx and gp are the gyromagnetic ratios due to motion of individual nucleons 
and to the collective motion of the nucleus. For K = 0 and I = 1 we have 


B= 8nl=g,>+ 5. (11) 


Thus in cases when K = 0 the magnetic moment is positive and does not de- 
pend on the details of the internal wave function. The values of Q and wp calcu- 
lated by means of Eqs.(9)-(11) for Lul76m, Ta180m ang Am242 are listed in Table 2. 


4, Probability of y-Transitions Between Rotational Levels 


The reduced probability for y-transitions of multipolarity L between rota- 
tional band levels with spins Ij and Ig and K = O can be represented in the form 


B (L) = [XX (p) X20 (n) | W | X8 (Pp) X20 (n)> X (4+ (AYA)? CT, LO0 | ,LE,0>%. (2) 


For y-transitions between levels with even (or odd) spins AI = I9 - I, = 2, this 
' expression reduces to 


B (E2) = 72 €Q3 (L,L00 | ,LI,0°, (13) 


i.e., becomes analogous to the expression for the reduced probability of E2 tran- 
sitions between the rotational 


Table 2 levels of even-even nuclei. 
Electric quadrupole and magnetic dipole Of particular interest are 
moments of odd-odd nuclei with K= 0, IT=1 transitions between levels with 
aa aes oan: (ras pastime 4 even and odd spins. At first 
Nucleus Q | ®theo theo glance it would seem that transi- 


tions between rotational levels 


with spins I + 1 and I can be of 


Ut eae cdovig ice ithe Mlyh B2atype aif tem, Oniatt 
aT A407 7,0fper Ta, Hi) [1] | —t,4 oe can be shown, however, that for 
os AMH7 13,7 (per Am™) [24] ms tO? such transitions B (£2) = 0, and 


they must be pure magnetic di- 
pole transitions (M1). 
It will be recalled that the 
Clebsch-Gordan coefficient </:L00 / iL/20> = 0 if Ij + Igo + L is odd. The last ex- 
pression in this case will be odd only if L is even (inasmuch as Ij + Ip is odd), 
i.e., only in the case of E2 (or E4...) transitions. 
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It must be noted that this result is valid not only for transitions between 
the levels of one and the same rotational band with K = 0, but also for transi- 
tions between the levels of two different rotational bands each of which has K = 
= Ot, Moreover in the case when AI + L is odd, for transitions inside one rota- 
tional band the internal matrix element vanishes owing to the presence of the 
factor (1 -+ (—1)4/*") in (12). The presence of pair correlation and mixing of 
states with different 2 but with the same K does not remove this forbiddenness. 

This result (B (£2;I + 1 — I) = 0) is in agreement with the experimental 
data on the multipole order of the y-transition between the Ij = 1” and Ig = 27 
levels in Hol66, According to the data on the internal conversion coefficients, 
this 28 kev transition in Hol66 is pure Ml (the admixture of E2, if any, must be 
£1%) .12,13 

The reduced transition probability for an Ml transition between rotational 
levels with spins I + 1 and I, as is known, is given by the formula! 


B(M1) = = (g,-— 8p)? K? Fad 00] 420)? (14) 
In odd-odd nuclei 8K = 8o 2p + So, Qn. Inserting this expression in (14) and re- 
calling the fact that with K = 0, 2,=—2,=®, we obtain the following formula 
B(M1) => (Go, — 8a,)? & <I, 100 | 111 1,0>?, (15) 


where {2 is the projection of the angular momentum of the odd nucleon and g, and 
&o, are the gyromagnetic ratios characterizing the contributions of the odd’ pro- 
ton and neutron to the magnetic moment of the nucleus. Inasmuch as 6 (1/1) does 
not depend on g,, the collective motion of the nucleons does not make any contri- 
bution to the probability of a rotational Ml type transition. It follows from 
Eq. (15) that with Sonos the reduced probability £(M1) will be small. This 
can lead to interesting consequences if the rotational level with I = 1 does not 
lie very high and can de-excite only to the levels with I = 2 and I= 0. In this 
case the probability for de-excitation of the I = 1 level will be very small in- 
asmuch as the reduced y-transition probabilities from it B(£2)= 0 and B(M1)=0 
(or very small) so that it will be evinced as a long-lived isomeric state. 

For specific evaluations of B(M1) one can for 80, and So, use the known 


values of these ratios in the neighboring odd nuclei with the same odd nucleons.1>4 
In the case of Hol 66 | for example, g, = +1.12 (from Hol65) , So = 70.26 
(from Erl67), and Q= 7/2. 2 


Inasmuch as 8a, 8a,’ the probability for de-excitation of the 82 kev rota- 


tional level in Hol66 with I = 17 will be large and the lifetime of the level 
will, accordingly, be short. Calculations by means of Eq.(15) show that in this 


case T =. 4°10711 sec. It would be of interest to check this result experimental- 
ly. 


5. Characteristics of the Rotational Band with K = 0 
in Light Odd-Odd Nuclei 


If the odd proton and neutron in a light nucleus are in the same quantum 
state (X= %o,)2 Which may obtain, for example, in Na22 and A126, the rotational 
band with K = O will exhibit a number of additional distinctive characteristics. 
In this case one can make use of the isotopic spin formalism and construct the 
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antisymmetric wave function. 


It can readily be shown that actually there will be two such functions. 
They can be written in the following form. 


a) Coordinate-spin part - antisymmetric, and itsotope-spin part - symmetric: 
te (1) Xa (2) — ko (A) Xo (2)] rae (1, 2) 1 (—) emi 1 (TY, 


b) Coordinate-spin part - symmetric; isotope-spin part - antisymmetric: 


[Xo (1) Xo (2) -+ X_o (1) Xo (2)] Ory, (1,2) (1 + (—)7~!p~ In) —_ (aa, 


The first wave function corresponds to 
the group of levels with I = 1+, 3+, 5+... 


pacer". T and is characterized by isotopic spin T = 0. 

2070 otf The second wave function corresponds to the 

group of levels with even spins I = Ot, 2t, 

Eber J? 7 4+ ... and is characterized by T= 1. Lev- 


els of this type are analogous to the rota- 
599170 +g Myra» 1070 {*_(0)+k=Q,-2,-0 tional levels in neighboring even-even 
ite al Na a nuclei. The experimental data26,27 on the 
properties of some of the excited levels 
230 Of f of Na22 and A126, which may be interpreted 


0 3* Oo F i te as rotational levels, are in agreement with 

HE le se daa TTTLTL LE #-Stg* ns these inferences (Fig.3). In both nuclei 
9= O25 5 = Qn7 5 there are states with I = K = 0* (T = 1) 
Naz me and I = 1* (it has been shown that for 


this level in Na22 T= 0). The interval 
Fig.3. Level diagrams for 11Na22 between the 2+ and Ot levels in A126 is 
and 134126. 1.85 Mev or almost equal to the gap AE = 
= 1.83 Mev between the 2+ and OF levels in 
the neighboring even-even nucleus Mg26 (Ref.27). 


6. Rotational Bands in Even-even Nuclei, Associated with 
Single-Particle Excited Levels with K = 0 


All the above mentioned distinctive features of rotational bands with K = 0 
in odd-odd nuclei are connected only with the fact that the odd nucleons (proton 
and neutron) in these nuclei are in different quantum states. It can readily be 
seen that an analogous situation will obtain in even-even nuclei if the bond be- 
tween one of the neutron or proton pairs is ruptured in the process of excitation. 
In this case the two protons or two neutrons will end up in different quantum 

states and if K = 0, the said states will be described by a wave function of the 
type (4), where instead of XQ, and Xb, one should write yo, and yo, or Yo, and 

B 
he Just as in the case of odd-odd nuclei, the rotational band connected with 
this state of the even-even nucleus must contain groups of levels with even and 
odd spins (I = 0, 2, 4... andl, 3, 5 ...) shifted relative to each other. 

This distinctive characteristic of "single-particle" levels in even-even 
nuclei with K = 0 makes it possible to distinguish them from collective excited 
levels with K = 0 (@-vibrational and "pair" levels with K = O+ and octupole vibra- 

tional levels with K = 0°). 

Possibly levels of precisely this type (I = K = 0+) are observed in Er166 
‘(E = 1460 kev)®, 08188 (E = 1086 or 1766 kev) and U234 (E = 1045 kev). 
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Of particular interest is Er166 | inasmuch as in this nucleus in B-decay of 
Hol66 (T = 27 hr) in addition to the 0+ level at 1460 kev there is excited a 
~1663 kev level (Fig. 3) .2:3,6 Investigation of the character of the excitation 
and decay of this state shows unambiguously that it is characterized by I = 1 and 
K = 0. Moreover, according to the data®, on the angular correlation between the 
1582 and 80 kev y-rays, the 1582 kev transition is virtually a pure dipole tran- 
sition; the admixture of quadrupole radiation, if any, does not exceed 0.01%. The 
conjunction of data on the values of I and K and the dipole character of the tran- 
sition led to the assignment® of odd parity for the 1663 kev level (in this case 
the 1582 kev transition must be El with a negligible admixture of M2, if any) and 
identification of it as an octupole vibrational level with I = 17 and K = O°. The 
1460 kev level with I = K = Ot is usually interpreted as a B-vibrational level 
(see Ref.6). The available experimental data, however, do not conflict with the 
assignment of even parity to the I = 1 level. Actually, in this case the 1582 kev 
transition occurs between levels with I = 1, K = Ot and I = 2, K = OF. Sucha 
transition must be Ml inasmuch as for it, as was shown above under Section 4, 
B(£2) = 0. 

The data on B-decay are in better agreement with even than with odd parity 
of the 1663 kev level inasmuch as the 6-transition to it is of the 0”--*l1 type 
and log ft = 6.8, which is more consistent with a once forbidden transition than 
an allowed one. If we assume that the parity of the 1663 kev level is even (+), 
it may be inferred that the 1460 (I = 0, K = OF) and 1663 kev (I = 1, K = OF) 
levels are members of the same rotational band. In this case the 1460 kev level 
must be interpreted as a single-particle one. 

It must, however, be emphasized that at present one cannot make a definitive 
choice between identifications of the 1460 kev (0*) level as a collective or as 
a single-particle one (although we incline to the latter alternative). For posi- 
tive identification one must ascertain experimentally the parity of the 1663 kev 
level with I= 1. This can be done by determining the multipole order (M1 or E2) 
of the 1663 or 1582 kev y-transition. 
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CONCERNING SELECTION RULES FOR B- AND y-TRANSITIONS IN ODD-ODD NUCLEI 
- M.E.Voikhanskii & L.K. Peker 

In deformed odd-A nuclei the asymptotic quantum numbers Noonz, Ayand |Z in= 
troduced by Nilssonl, play an important role as regards classifications of states 
(Ref.2-4) and interpretation of the B- and y-transitions°~7. 

The asymptotic quantum numbers have also been used for classification of the 
angular momenta of the internal states in odd-odd deformed nuclei.8 

In the present work we consider the asymptotic number selection rules for 
B- and y-transitions in odd-odd nuclei. Transitions in such nuclei have a number 
of distinctive features as compared with transitions in odd-A nuclei. 


1. Transition Probabilities and Asymptotic Number Selection Rules 


In odd-odd deformed nuclei the last unpaired nucleons - proton and neutron 
- may be approximately regarded as moving independently in the field of the de- 
formed core. According to Gallagher & Moszkowski8 , the ground state of such nu- 
clei is characterized by the following coupling scheme (rules) for the momenta 
of the unpaired nucleons, the intrinsic spins are lined up parallel: 


OO, Os St eO eee, te eeand eter 
(1) 


Q=|2,—Q,|, 4f Q=Apts, and Q=A,F> 


The wave functions of the system of two nucleons in a deformed nucleus were 
determined by Gallagher? and Varshalovich & Pekerl9, When the coupling scheme 
or sum of the components of the angular momenta of the two nucleons along the 
nuclear symmetry axis is 2 = Q, + Q2, we have 


or 1 ATi 
Vi Vane {Xo, Xo, Dare = (—y’ ee ere er. Du -K} ® a 


When the coupling scheme is Q2 = |i — Q2|, we have 


OF aet 
A160? 


es (Xo, %-0, Dlx + (—)-i-# Xo, ho, Dux} ® (3) 
The indices 1 and 2 pertain to a proton or neutron. 

Beta and y-transitions in odd-odd deformed nuclei may be divided into two 
classes? depending on whether the transition does or does not involve a change 
in the coupling scheme of the momenta of the unpaired nucleons. We shall refer 
to transitions between states with the coupting scheme 


Q = QY,+Q4; > Q; = Qy + Qu, (4) 


as transitions of class I, and to transitions between states with different coup- 
ling schemes 


0; = 24; + 29 > Qy = Qy F Qa, (5) 

as transitions of class II. We assume that emission of a y-ray or B-particle is 

connected with change in the state of one nucleon (proton or neutron). #-transi- 
tions, like y-transitions, can be classified as regards multipole order L.11 we 

assume that the single-particle transition operator m (L, k) is determined in the 

coordinate system of the nucleus and that this operator acts only on the wave 
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functions of one nucleon. Then the reduced tran 


with the same coupling scheme (for example, 02 
mined by 


sition probability between states 
i = 24; + Q33,> QF= Q + Q,,) is deter- 


B(L, I, >1,) = |(,LK,K; — K,| I,K) x 
x {)xh, Kaye | 4h, W (Ls Ky — Ki) hey O08 


+ \ Qo, Xu; aT. Ve mm (L, kK; a K;) Xo; dx} a (U1, LK; Ky K; | I; Ky) x 


5 
\ Quy F 
X94, Xo; dt, \ Date M(L, — Ky — Kj) Ko, aT: + 


Xo Mog, M2 | Mg M(L, —Ky— Ky) Xo, aril) 


(6) 
An analogous relationship obtains for Q; = |Q,— ,;| > Q= | Qa; 
tions. 


The reduced probability for transitions between states with different coup- 
ling schemes (Q; = @,;+ Q,; and Q; = |Q,; —Q,)|) is given by 


Q.,| transi- 


B UE, h-o I) = (EK Ky —KiN1,K9 
x xh Ko Ct Kr 05) mM (L, Ky — K;) Kon; dT. + 


, lepers = 7 
=i \ ety oq, Ata) ky, B(L, Ky — Ky) op dx, wie 


) iy 
. re eT al 
x {\ Hin, Me, Ha | Xa, BL, — Ky — Ki) ho, Ate + 
2 


= | es tag ta ane Se eeemlt nat) Boy a} St 


In Eqs. (6) and (7) the integral over the vibrational wave functions 7 gide 


is taken equal to unity, i.e., it is assumed that the state of the surface does 
not change incident to the transition. If the transition involves a change in 
the shape of the nucleus, taking this integral into account leads to reduction 
of the transition probability. It is evident from Eqs.(6) and (7) that emission 
of a y-ray or a B-particle is possible in transitions of either the first or the 
second nucleon. Owing to the orthogonality of the wave functions of the nucleon 
not participating in the transition, it follows from (6) and (7) that there may 
occur both single-particle and two-particle transitions. In single-particle 
transitions one of the nucleons does not change its state. In two-particle tran- 
sitions, in addition to change of state, for example, of the second nucleon, the 
angular momentum of the first nucleon "flips", i.e., the projection of its angu- 
lar momentum on the nuclear symmetry axis is reversed (Qu, = — 21). Thus, two- 
particle transitions of a certain type may occur in the independent particle 
model. It follows from the properties of the Clebsch-Gordan coefficient (/,LK,;— 
— K,;—K;,\l;—K;) in Eqs.(6) and (7) that the corresponding terms are nonzero only 
for transitions with K;1+K;<L. Such transitions include, for example, transi- 
tions to levels with spin 0 and also transitions characterized by 1—1(L= 2), 
1=2 (L=3) , ete. For transitions of class I, the indicated term in (6) vanish- 
es if the state of both unpaired nucleons changes. This is not the case for tran- 
sitions of class II. 

If the transition involves change in the state of one nucleon and K;+ K;>L 
(for transitions of class II), expressions (6) and (7) coincide with thescornss 
sponding expressions for the transition probabilities given by Gallagher”. Here- 
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jnafter we shall restrict our consideration to single-particle transitions. 

The expressions for the transition probabilities contain the products of 
three factors, one of which is the Clebsch-Gordan coefficient and the other two 
are integrals over the wave functions of the unpaired nucleons. From the proper- 
ties of the first factor (/;LK,;K;—K;|J;, K;) there follow the K selection rules 
(K is the projection of the total angular momentum on the nuclear symmetry axis): 


AK =|K,;—Ky|<L. (8) 

For transitions of class I it follows from (4), (8) and the condition Q,;=—Q, that 
AK = | Qo — Qa|< L. (9) 

Analogously for transitions of class II there must be fulfilled the condition 


NK 03, OSL. (10) 


For transitions to the ground state of the rotational band this condition is 
always fulfilled, and such transitions are allowed as regards the quantum number 
K. For transitions to rotational levels conditions (10) is not fulfilled in many 
cases. In this case, AK = 2,,+Q,;>JZ, and the transition is forbidden as regards 
K. 

In addition to the K selection rules, there may apply other inhibitions con- 
nected with the integrals over the wave functions of the odd nucleons. The dis- 
tinctive features of transitions in odd-odd nuclei connected with the integral 


\ ius %o,,dt,, were considered by Gallagher?. 


We turn to the integral over the wave functions of the transformed (second) 
nucleon. For transitions of the first class the integral (see Eq.(6)) has the 
same form as for transitions in odd-A deformed nuclei. Consequently, for transi- 
tions of this type there will be valid the asymptotic number selection rules giv- 
en by Alaga5 and Voikhanskii® for odd-A nuclei. 


For transitions of class II the integral Xo, @ (L, K,— Ky) Xo,; dt. of inter- 


est to us has a different form. Here the projection of the momentum Q, of the 
transforming nucleon has opposite orientations in the initial and final states. 
This must lead to new selection rules as regards the quantum numbers J, n,, A and 
2. In order to determine these rules we must approximate the internal wave func- 
tions X,q of the deformed nucleus by functions of an anisotropic harmonic oscilla- 
tor (see, for example, Ref.12). It can readily be shown that for transitions of 
class II the and n, selection rules are the same as for transitions of class By 
but that the selection rules as regards orbital angular momentum A and spin angu- 
lar momentum = are substantially different. In these cases the restrictions are 
applied not on the difference between the angular variables AA — A; — A; or AX = 
= ,—2;, but on their sum A;-- A; and Y; | ;. For example, for radiative EL 
transitions of class II the necessary condition is 


AA soh\ pate a tee (11) 


while for transitions of class I the analogous condition is 


- 287 - 


AA = 


The indicated distinction as regards the selection rules for transitions be- 
tween states with a different coupling scheme is due to the effect of spin flip, 
i.e., change in the relative orientation of the projection of the momenta of the 


unpaired nucleons in the initial 
Table 1 and final states. In Table 1 we 
Selection rules for EL type transitions be- list the selection rules as re- 
tween states with different coupling schemes gards the asymptotic quantum nun- 
of the momenta of the unpaired nucleons in bers \, nz, A and = of the affect- 
odd-odd deformed nuclei ed nucleon in radiative EL transi- 
Ay aA, ype; Nj— Nj Bee a ns tions of class II. Inasmuch as 
: see beeen transitions between states with 
ee te given kk, and A; occur with the 
aL L 0 L, L—2,... —L ) lowest possible multipole order, 
+(L—1)| (L—1) 0) | eee am Joes we have limited the listing to 
0 ©) 0 ( values of AQ=L, L—1. For 
0 0 0 J transitions of multipole order 
| L=2, we have also included 
AQ B= 2 ==,0; 

The selection rules for radiative ML transitions and 6-transitions of the 
second class in odd-odd deformed nuclei are not given. They can be deduced from 
the appropriate tables in Refs.5 & 6, by replacing A;—A,;and 2,— 2; by A,+ A; 
and =;+ %;, respectively. 

The effect associated with change in the relative orientation of the angular 
momenta of the odd nucleons should be evinced in the transition probabilities not 
only for deformed but also for spherical nuclei. Assume that in an odd-odd spheri- 
cal nucleus the momentum jj; of one of the unpaired nucleons (for example, of the 
nucleon not participating in the transition) is aligned in a certain direction. 
Then the angular momentum js of the second nucleon can be oriented in different 
ways relative to this direction. Accordingly, the initial and final states of 
the system, as in a deformed nucleus, may have the same or different coupling 
schemes. It must, however, be taken into account that the momenta j, and j; are 
added vectorially and hence the total momentum [ = ji + je has a number of possible 
values: 


Ky - Kj 


li—heINI Saath (13) 


Hence one can speak only of predominantly parallel or predominantly antiparallel 
orientation of j; and j, , depending on the angle between them. 

Accordingly, transitions with and without change of the angular momentum 
coupling scheme will be characterized by different selection rules, analogously 
to transitions in deformed nuclei. 

In actual nuclei the asymptotic quantum number selection rules should be 
fulfilled only approximately inasmuch as these quantum numbers are not rigorous 
ones. Forbiddenness with respect to them results in a certain retardation of 
the transition. For transitions of class I A forbiddenness should be observed 
relatively rarely inasmuch as for such transitions AA = A; — A; is usually small. 
In the case of class II transition the opposite situation obtains. For allowed 
and once forbidden 6-transitions (which are characterized by L = 0, 1 or 2) al- 
most always A; + A; >L or ji + fp> UL. Hence such transitions must be character- 
ized by anomalously high log ft values. For transitions of class II there should 
also be observed a similar effect. However, owing to the fact that a y-transition 
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Table 2 
6-transitions in deformed nuclei with even-A 
dle Tag Rl yee oe 118" ele eugene 2O8# 
1 2 3 4 5 


Allowed Class I transitions Q;—Q,— 2,—Q, 


164 = 164 ie Tl 4 Ome 0 6,4 
s7H097° > cai Tog ft ene se moe 94 6.7 
aeDyiiee walliogg: 0, 0 + 1 0 + 428 4,8 

£ és } ee A a eee 0 4,7 
asTal empl ae 20 —iet 93 4,8 

[prego eS ee at 1480 4,6 
saN pate SavaBUgig fal (46) 2 Gres 597 6,3 


Allowed Class II transitions 21+ 22—-2:—Q; 


felon}? => eeSmte Beds 2 2 — 1531 ~10 
pet eddy g2 53 9c 2 ete 1400 ~10 
<Tp! 69 D 160 J S 

651 Do, — bs Ygy, 3°03 2 2 — 1265 8,1 


Once forbidden Class 1 transitions 
Dy!66 _, g¢Ho!8 { 0 0 + 00 — 0) 134 
BEY 100.57 87-7299 Oper ce fi «0, wages | 84 6,0 
On 0 Os Oe + 0) Stal 
eiHogg? —> aglirge” | Oi sO sae eee 1460 7,5 
0 OO — 1 O (4) 1663 6,8 
_.Ta'80._, - yywt80 tia? One eee cre 
rs ayg7 > 74W 406 { {oa eee 9 Tagiets 102 65 
236 236 oe 
oN Pyy3 oP uy io { , i = : ae us 6 4 
N28 + ool 1236 ah O> meer 0 7,2 
93:NPqug — 92.144 { Lo odo- er 45 Zt 
Ny 1238 238 eka a ree 
oN piy5 > eP Ut y, { % 2 a 3 =n oe io7t 8°6 
+240 240 
92U i148 > o3N pii7 Oe OF eae ds A) 0 5,7 
(feite feb looked {eae 
240 240 - FS us 
oN pr) > eeu? eT es a 858 6,9 
leiemeepohas a) a 0 900 7,1 
1 YEE Dep 942 6,8 
242 242 1 O — 
9s Am 4,7 =e 96CINy 76 { { 0 poe. 4 : - & a's 
242 242 1 — ~ 
osAinyy7 > oP Uti { ee ee, A 14.5 73 
? ? 
2h4 24h 


452 152 OTT ee a 

sabugg — c2SMoq { ee 3 2 ms 1233 07 
154 154 3 — 

ssE Ugg’ > caGdgy { 3 3 = 3 5 di 1138 1170 


Note: Most of the experimental data in Tables 2 through 5 have been taken 


from Dzhelepov & Pekerl4, § 
isin is upplementary data have been culled from Refs.15 
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Table 2 (cont.) 


eee 


fpitial & final 1; K; x; I,K 
2 Cert et if aE PE Level in 
nuclei daughter log ft 
4 2 hee es 3 j 5 

_77,160 160 2 8 — De phe «alle 966 
esT boo —> esD { 3 3 2 2 966 9,0 
: eee ee) =e hese 1049 914 
170 170 1 (oi 0 ae j 
soTmyg4 > 70 Dio { ‘et ee 9 4 si = ae 


may be of multipole order L= 3 or 4, forbiddenness with respect to a Ge OTa) 
will be encountered less frequently than in the case of B-transitions. 


2. Discussion of Experimental Data 
Beta-transitions 


Let us consider in some detail the available data on B-transitions in nuclei 
with even-A. The coupling scheme in the initial state of odd-odd nuclei can readi- 
ly be determined if we know the spin of this state and the values of Q,and ©, in 
deformed nuclei8,13 or j,, and j, (from the Mayer model) in spherical nuclei. In 
order to have definite information on the angular momentum coupling scheme in the 
final states we selected B-transitions to the ground state or to collective ex- 
cited states (vibrational or "pair" levels) of even-even nuclei. In these states 
all the nuclei are paired so that 2; = Q1— 2:=0Oor j; = ji—j2=0. Thereby 
we restrict our consideration to transitions of two types 


a.) Q, — Q, > Q, — Q,, 
b) 83 + Q, > Q, — Qy. 


, 


transitions in deformed nuclei and analogous transitions in spherical nuclei. 

The experimental data on the probabilities (log ft values) of B-transitions 
in odd-odd nuclei are listed in Table 2 for deformed nuclei and Table 3 for spheri- 
cal nuclei. All the data are divided into groups according to the transition 
class and degree of forbiddenness. In order to bring out more clearly the effect 
of A forbiddenness we have excluded from Table 2 B-transitions forbidden with re- 
spect to K. We have also left out data on B-decay of Rel86 and Rel88, Gallagher? 

noted that relatively high values of log ft (8.0-8.6) are characteristics of B- 
transformations of the 111th and 113th neutrons regardless of whether the mass 
number is even or odd. We note that in the case of transitions to vibrational 
levels with K = 2t or K = 27 (see Table 2) some increase of log ft may be due to 
change in the shape of the nuclear surface (owing to change of the integral over 
the vibrational wave functions g). It will be evident, however, from comparison 
of the log ft values for B-transitions of classes I and II arriving at levels of 
the same type (for example, Tb160, Eul54 and Ta178) that in most actual cases the 
retardation is relatively small (Ff ~10). Although the data on B-decay of Na22, 
Na24, A128 and P28 have been included in Table 3 (for spherical nuclei), it is 
possible that these nuclei should be classed as deformed nuclei. 

2 It will be evident from Tables 2 & 3 that 6-transitions of class II, as a 
rule, are characterized by appreciably higher values of log ft. This is under- 
standable inasmuch as in transitions of class I violation of the A (j or /) rule, 
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Table 3 
B-transitions in spherical nuclei with even-A 
ne 


Initialeé- fined te gow Devel in | log? 
mueller daughter 
4 2 a 3 4 ay 5 
Allowed ‘Class I transitions fi—kh>4—7isis 
(eee Oe: 0 4,2 
Ae ere | 1 Sree 4400 5 
4 ite ieee 7660 peee2 
Neti > Nags 0 + {a 472 4,4 
AIS Mg? 0 + 0 + 3,9 
isos — 16933 1 a 0, 7,9 
Sig —asP iq Oot fer 0 6,7 
34 3h diets 0 0 Ba 
mt 16Sjg { foe 2 as 2127 4.7 
34 
wCly7 > 16943 Oo + Oo + 0 3,0 
38 3 
19K 33 — ygArdq Oo + Oo + 0) 3,4 
42 2 
a1Scer —> apace O + (ies 0 3,0 
4b 4h 
215693“ * 20°, 3 + ee 1130 5,3 
46 +46 
93 V93 — 2219, Oo + Oo + 0 3,9 
50 50 
osMn5; — o4Cr5g O + O+ 0 3,5 
52 52 
23 V59 > 24CTog 2+ 2 + 1460 5,9 
52 52 
esMn57 > oaCr'5g 2 ae pale 1460 0,3 
Cort — ogFees 
274057 — g6l Cog O + 0 + 0 3,5 
Covi saber 2a 2 814 6,6 
2 y ze i { ent 2 i 1820 7.5 
27Gogg — asNiga Cia = 7S a 1330 7,2 
CuSé —. oNiS4 1 + 0 5,0 
2gbUg, — apiVIgg { — 9 ‘ae 5.6 
CuSé > «Zn 94 
a9CUg, > goZNg, ee _— 0 5,2 
66 6 
as Nigg — 2oCugy Quast 1 + 0 3,9 
CuS® _, «Zn 4+ 0 0,4 
is H 4 ; { (yas 2 ¢ 1050 5,6 
31Gaz. > goZNge Oo + O + 0 7,8 
Coc eenata 4+ 0 5,2 
31897 7 soGlgg id D) f vk 5,3 
70 _, (p70 + 0 5 
a1Gazg —> s2Gegg 4 a 2 cf 1036 56 
pri Se 78 a O + 12410 5,9 
35 bI'y3 — 3490; 1, Arete Og 4,4 
ssBro? — 945° 0 : 
45 ~* 34946 1 + Gi 0 4,6 
asBr8 + sp Kr80 op Mjeee 0 + 0 5,5 
5a ts 25 620 5,6 
siRbis > seKrie aes 0+ 0 4,3 
9% M94 E 
ontas aMo;5 2 G44 2 tk 870 9,4 
98 
askhgs > aRusy 2+ 2 + 660 4,9 


— Se ee Oe ee ee 
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Table 3 (cont.) 
$m eeeeeeeees 


Initial toeting) Lin I 
; : ney Level vin 
munmedien: daughter log ft 
1 3 h 5 
asRhig! — asPd ld { ' if 0 vs se ae 
ashy’ — ssP hve \ ; x2 0 = oe oe 
~ aS « ’ 
Agi _,  pqids J 1 + 0 = 0 4,9 
4 ’ 
7AR5g — ack deg \ os Dec 513 5°2 
i 0 0 
aAgei > aPdgy ae 2 + 430) 8°0 
4. +|- Dek 1030 4,8 
s ee 108 te 0 0 6 
wAgey > wCden { 1 + 2 i 637 ae 
108 } 
aolnig® — agCdfo 2 + ees 637 6,0 
140 4 0 rae 
ergs’ > «Cdn { 1 + 2 tf 856 05 
aolngs’ + cats eee oe 0 4,6 
114 1 0 6 
aslgs: — s0Sng, 1 + 2 is £300 7 
aolDg7” > 50SNg° 1 + eee 0 5,0 
120 1 0 ) 4 
siSbep! — soSnjp" { 1 a 2 i 1180 33 
4128 128 1 + 0 4 0 Doe 
sls > sealers { yee eae 750 377 
pee 0 + 0 6,4 
slit’ + ssXer; | i pore 460 ae 
piv oe 990 6,6 
ssCsin — sxel2s 4 a 0) + 0 4,8 
ssCsye" > saXere” 1 + 0 + 0 5,1 
Ae EP cabasrr a + 0 + 0 4,9 
Berit’ => geese 1 + Os 0 4,3 
Allowed ‘Class II transitions fjitje—¢@-fi—ie 
eCg’ — 27! 0 + { 0 9,0 
0g > NF} 0 - Meg 0 7,6 
ioNet® — oF 18 0 + 4 + 0 2,9 
0, A +E 0 + 0 3,6 
Naz? — yoNess ee 2 + 1280 ie 
11Nazé — 19Mgs 4 + 23 a 5230 6,8 
13Al8 — ,Si28 3 + 2 + 1790 4,9 
1sPi5 > Sif; (3) 20+ 1790 4,9 
i) es 0 5,0 
1sPig > 14536 { ee 2 4 2240 5,4 
1iCl#4 — 16834 3 - Oa 2427 6,1 
jokes aes Sie = ae oP 2150 5,0 
oVex rca tion 4 + 4 + 2310 6,1 
peMiag = seit, 3 + oe 835 6,1 
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Table 3 (cont-) 


THhitials stamal I; my I; ny hevel in log ft 
TROLS IWS IL daughter 

1 2 3 4 5 
osMnjo — a6Fe3¢ ye Hoa 845 7e2 
97038 — o6Fe3e byt eee 2080 8,6 
COs, = eNiee 5 + i ae 2160 7,4 
ooCusy > og NS 3 O° 2133 7,4 
ANGE Srenke 6 ae 6a 2476 8,1 
ella Cds 5 + 4 + 1278 fe 
mnie = ash tie (4) A 4 784 8,6 

Once forbidden Class I. transitions 

yCl3s > gAra5 2 = Ze 2150 6,9 
Ko — Gass 2 as 1530 1,5 
agAsit — aGejs 2 i= rapes 596 7,9 
sgAsit > gaSeg 2 — ae 635 7.5 
assis — saSe7y 2 peek 550 8,5 
a7Rbz} > soKrig 2 — ae 880 Ts 
a7Rbig — ast 78 27 = Paget 4080 77 
seRbSt — ssSr59 Dee 24 1850 7,9 
3953 —* 402155 aes fe 930 8,0 
ai Nbg3 > a2Mo5, oes oto 870 Ta 
smote (a= | 2 eee 
so? - snl les 2 4 1137 7,0 
eb te { a : i: oe a 
s1Sb73' — seTerp" ee ae 602 10,5 
sa 43 ee peer 2 — 2+ 650 ime 
sa173° > saXeay” a ee 386 7,9 
sal73 > saXeq5" 2 — 2+ 862 7,6 
salqy > saXerg” 5 = ae 1450 7,5 
ssCsye° > ssBaiss oe Zune 1426 7,6 
s7Lags’ — seCesd? ee 2 + 1596 9,4 
soP rag” > ooN didi? 2 — 2 + 1572 7,4 
seCegg’ > 5ePric4 O° =k 0 — 0 1.6 
soPryet — eg Ndii4 0 — 0 + 0 6,6 
wAUits > soligt%S = 2 + 426 740 
voAulid ~ solgits a de 2 1090 773 
woAuso > soggy ee RD ai 0 6,9 
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Table 3 (cont.) 


IM wal el, We seizes Lim; Ip level in 
SE A | ie ALOK sv 
elton daughter 
1 2 2 4 5 
200 200 
sillit9 > so gi99 2 — 2+ 368 7,8 
206 206 ; 
ai T1}3e > eeP 706 ies ome 0 Bee 
212 > +212 
s2Pb435 — gsBijo9 ab { 0 6,6 
244 =244 
s2Pbj35 se s3Bij3; O -- ( — O 6,5) 
»244 24 
s3Bitgy > saP0435 {1 — ee ) 7,9 


Table 4 
Isomeric transitions of class II in 
deformed odd-odd nuclei 


yi Eh 

Naz oan 593 | E2 | 1 ~10? 
Na? 0,02 sce [472 | M3 |O Ay 
eEul |>9,2 hr | 50 | M3 0  [>5-408 
iby | 5,0 br | 88,4 | 23 0  |~108 
esTbys’ | 11 sec Att | M3 0 |A10? 
efHogyy =| 5 hr 60 B3 0 ios 
nLuyi3 165 days 39 M3 2 108 
osAmi77 lazeyears | 48 ,6 | £4 | 4 ~108 


Table 5 
Isomeric M4 type transitions in spherical 
odd-odd nuclei 


Nucleus | Tirii pid ni | Iyrpipping | Ey kev F 
Class I transitions 
Bie) sy tame: Seely, 10 1120 ederrt0 
eit a sy, tin, | 3 sy +f, | 264 | ~10 
Class II transitions 
Ge | Corey, | 2. Py, — ay, | 116 | 10° 


as was already noted, is relatively 
rare. In both classes of transi- 
tions there is a clear distinction 
between transitions that are allow- 
ed or forbidden with respect to 

A(j or l). For example, in B-decay 
of P32, which is allowed and belongs 
in class I, the neutron goes over 
from the d:,,(/ = 2) level to the 
sy, (1 = 0) level. Here L= 1 and 

Al = 2, that is, the transition is 
forbidden as regards / (log ft = 
= 7.9). Another example is furnish- 
ed by the transitions Nel8-—»F18, 
F18_4018 ang p30-»si30, which are 
transitions of class II and hence 
should in general be characterized 
by large values of log ft. Accord- 
ing to the experimental data, how- 
ever, these transitions are not re- 
tarded as is indicated by the low 
values of log ft (3. 5atou5)2 eelnis 
can be readily understood inasmuch 
as in these data the odd protons 
and neutrons are in states sy, (li = 
=il;=0) and the transitions are 
allowed as regards /. It must be 
admitted that the reason for the 
low values of log ft in A128 and 
K38 is unclear at present. 


Gamma-transitions 


At present analysis of y-transitions in odd-odd nuclei is necessarily limit- 
ed to analysis of isomeric transitions with L>2 inasmuch as adequate experi- 
mental data are available only for such transitions. In most cases these transi- 
tions belong in class II, i.e., are accompanied by change in the angular momentum 
coupling scheme. States with a high spin are, apparently, formed as a result of 
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addition of the momenta of the unpaired nucleons (Qor/), while states with low 
spin are formed by subtraction of the odd nucleon momenta. Isomeric transitions 
between the end members of multiplets, and in deformed nuclei - doublets, are al- — 
ways accompanied by change of the coupling scheme. 

In Table 4 we list the available experimental data on isomeric transitions 
of class II in deformed nuclei. In Na22, Na24, THL58 , Lul74 and Am242 these 
transitions occur between the two members of one doubiet. 

Except for the y-transitions in Na22 and Na24, where AA=A;+A;<LZ and, 
consequently, there is no A forbiddenness* , all the other transitions are strong- 
ly retarded. This retardation may be due to A forbiddenness.** 

For y-transitions of class II in spherical nuclei there should be observed 
analogous forbiddenness with respect to / or /. For illustration, in Table 5 we 
list the available data on the probabilities of M4 type transitions where forbid- 
denness obtains only for transitions involving change of the coupling scheme. 

The data listed in Tables 2-5 clearly show the substantial influence of the 
A (jor 2) selection rules for B- and y-transitions in even-A nuclei. 

Thus, for the purpose of characterizing the states of odd-odd and even-even 
deformed and spherical nuclei in addition to I, K and Q(I and /) there can be 
used, as in the case of odd-even nuclei, the quantum numbers A (jor /). This in- 
ference is in agreement with the data of Gallagher & Moszkowski8 , who showed that 
the introduction of the asymptotic quantum numbers A and 2 is important for clas- 
sification of the states of odd-odd nuclei. 

We are grateful to M.A.Listengarten for useful discussions. 
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YIELD OF GAMMA-RADIATION IN INELASTIC SCATTERING OF NEUTRONS 
FROM ANTIMONY NUCLEI 
- D.L.Broder, A.I.Lashuk & I. P.Sadokhin 


In the present work we measured the yield of 1.01 Mev y-rays emitted in in- 
elastic scattering of protons by antimony nuclei. 

In the experiments we employed the ring geometry developed by Androsenko et 
all and diagramed in Fig.l. The scattering specimens were rings 30 mm thick with 
an outside diameter of 85 mm and an inside diameter of 60 mm. The crystal was 
shielded from direct radiation from the target by a lead cone 360 mm high with a 
base diameter of 58 mm. The y-radiation spectrum was investigated by means of a 
scintillation spectrometer with a 40 mm diameter, 40 mm thick NaI(T1) crystal 
(relative half-width of the Zn©5 1.12 Mev line ~9%). The pulse distribution was 
analyzed by means of a 128-channel pulse height analyzer. 

The neutrons were obtained 
by means of the H3(p,n)He? re- 
action, the 1.5 to 3.3 Mev pro- 
tons being accelerated in an 
electrostatic generator. The 
energy width of the neutron beam 
did not exceed 30 kev. The neu- 
tron flux was monitored by a 
long boron counter and a y235 
Fig.1. Experimental arrangement: 1 - tritium fission chamber. 

target, 2 - lead cone, 3 - scattering ring. We carried out two types 

of measurements: with the speci- 
men in place and without it. The difference between the y-ray spectra measured 
at a neutron energy lower than the energy of the investigated level (£, < E;) with 
and without the specimen in place yields the pulse spectrum due to elastic scat- 
tering of the neutrons, corrected for the ratio of the cross sections for elastic 
scattering of neutrons at the given energy and scattering of neutrons with an 
energy lower than the threshold for excitation of the investigated level. No cor- 
rection for absorption of the y-rays by the specimen was introduced. 

The value of the relative y-ray yield was calculated by measuring the area 
under the photopeaks of the amplitude spectra, from which there was subtracted 
beforehand the contribution from y-rays of higher energies, if these were pres- 
ent. It was assumed that the anisotropy of the emitted y-radiation was weak and 
that the "poor" geometry effected satisfactory averaging over the angular distri- 
bution. 

For the purpose of obtaining the absolute values of the yield of y-rays emit- 
ted in inelastic scattering as a function of the neutron energy we investigated 
the yield of 0.84 Mev y-rays from iron. The observed 0.84 Mev y-ray yields from 
iron were matched with the y-ray yield curve (cross section curve) given by Kiehn 
& Goodman”, The absolute values of the yield of 1.01 Mev y-rays from antimony 
were obtained by comparison with the cross section for the yield of 0.84 Mev 7~ 
rays from iron, taking into account the efficiency of the crystal. No correc- 
tion for neutron absorption by the specimen was introduced. 

We obtained an efficiency vs y-ray energy curve for the Nal(T1) crystal. To 
this end we used y-sources with cascade transitions. The sources were prepared 
in the form of solutions which were poured into containers of plexiglas of the 
same size and shape as the ring scatterer, or the same scattering specimens were 
tT directly by 14 Mev neutrons on a neutron generator. The sources? and 
cascades* utilized for calibrating the spectrometer are listed in the accompanying 


Sources used in calibrating 
the y-spectrometer 


Y-sources 


Cascade 
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transitions, Mev 


Al?? (np) Mg?? 
Al?? (na) Na*4 
EL) (0210) GE 
Tit8 (np) Se*® 
Fe®§ (np)Mn*° 
Cucse(n2n) Cus4 
C060 


0,175—0,834 
2, (00—1 ,380 
0,51—2,160 


1 ,050—4 ,320—0,990 


0,510—1 ,340 
1,170—1 ,332 


1,810—0,845; 2,130—0,845 


of measurements of the y-ray yields. 
In the work of other investigators®-8 there were observed y-lines of the fol- 

lowing energies emitted in inelastic scattering of 3.0, 2.8 and 3.7 Mev neutrons 

from antimony: 0.49, 0.59, 1.01, 1.32, 1.50, 1.84, 1.96 and 2.16 Mev. According 


to the decay scheme given in Ref.4, the 0.49 and 0.59 Mev 


table. In order to obtain a pulse 
spectrum free of a contribution from 
Compton scattering we constructed a 
numerical matrix of the amplitude Comp- 
ton distributions.5 We used the fol- 
lowing sources with single y-lines, 
also of the same shape and size as the 
scattering rings: Hg293(0.279) , 
Rul03(0.498) , Cs137(0.661) , 2795(0, oer: 
zn65(1.12, $128 (n, p) A128 (1. 780) , 
Mn55(n,a@) V52(1.440 Mev). 

The data given in the present re- 
port are averaged values for two series 


ays are apparently 


-r 
due to de-excitation of 0.506 and 0.573 Mev levels in Spelt, The present measure- 
ments which were carried out with neutrons with energies from 0.9 to 2.5 Mev sub- 


stantiate the existence of these y-rays. 


Detailed analysis of the spectrum in the 


1 to 1.5 Mev region is hampered owing to the low intensity of the proposed 1.32 
Mev line. At present we can only note that excitation of the 1.32 and 1.50 Mev 
lines occurs as one approaches a neutron energy of 1.5 Mev, which indicates the 
existence in Sb121 or Sb123 of a level at 1.50 and possibly a level at 1.32 Mev. 
It is not impossible, however, that there occurs a cascade transition from the 
1.5 Mev level (if it is excited in Sb123) to the level at 0.153 Mev with emission 
of y-rays of 1.347 Mev energy. 
The appearance in the y-ray spectrum of a line at 1.01 Mev is observed when 
the neutron energy is increased through ~1 Mev. This indicates that the antimony 
nuclei have an energy level in the vicinity of 1 Mev, which is excited in the 
process of inelastic scattering of neutrons. At a neutron energy exceeding 1.01 
Mev there is also evinced in the y-ray spectrum a line with an energy of about 
0.87 Mev. With increase of the neutron energy, owing to inadequate resolution of 
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the spectrometer, this line 
merges with the 1.01 Mev line 
(Fig.2). It may be inferred, 
therefore, that there is an- 
other level in antimony in 
the vicinity of 0.9 Mev. An- 
other possibility, if the 1.01 
Mev level belongs to Sbl23, 
is that there occurs a transi- 
tion from the 1.01 Mev excited 
state to the level at 0.153 
Mev with emission of 0.847 Mev 
y-rays. At present, however, 
it is impossible to assign the 
indicated levels to a specific 
antimony isotope. 

fy, Mev Fig.3 shows the variation 


Fig.2. Gamma-ray spectra in the E = 0.5 to 1.5 in the yield of 1.01 Mev 7- 
= 2.2 Mev. rays with the neutron energy 


Mev region: a - Ey 


= 1.4 Mev, b- E, 


- 298 - 


0, barns 


10 15 20 25 
En, Mev 


Fig.3. Yield of 1.01 Mev y-rays emitted in 
inelastic scattering of neutrons by antimony 
nuclei. 
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Fig.4. Curve - neutron inelastic scattering 

cross section of iron according to Kiehn & 

Goodman?; points - our experimental values 

for the yield of 0.84 Mev y-rays, normalized 
to fit the curve at 2.0 Mev energy. 
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in the range from 1.0 to 2.5 Mev. 
It may be asserted that for neu- 
tron energies from 1.0 to 1.5 Mev 
this curve corresponds to excita- 
tion of the 1.01 Mev level in the 
antimony nuclei. There can be no 
cascade transition from the 1.32 
Mev level to this level since there 
has been detected no line with an 
energy of 0.3 Mev in the y-ray spec- 
tra of antimony. From the proposed 
1.50 Mev level there may depart a 
cascade transition to the 1.01 Mev 
level or to the level at 0.506 Mev 
with emission of y-rays of energies 
~0.5 or ~1.0 Mev. 

Fig.4 shows the variation in 
the yield of 0.84 Mev y-rays emit- 
ted in inelastic scattering of neu- 
trons from iron. The curve in this 
figure is the inelastic scattering 
cross section curve obtained by 
Kiehn & Goodman2. The points are 
our experimental values normalized 
to fit the curve at a neutron ener- 
gy of 2.0 Mev. 
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CONCERNING EXCITATION OF CRYSTAL PHOSPHORS BY IONS 
- B.M.Nosenko & N.A.Strukov 


Luminescence of phosphors under excitation by atomic particles with energies 
up to 10 kiloelectron-volts is a phenomenon that has been little studied. The 
Significance of this form of excitation is not limited to questions connected 
with the ion spot on the screens of cathode-ray tubes and the possibility of 
measuring weak ion currents and particle energies by observation of the excited 
luminescence. TIonoluminescence can also serve as the means for investigating the 
mechanism of interaction of atomic particles with crystals. Our research was con- 
cerned mainly with these problems. 

We investigated the luminescence and changes in the properties of ZnS:Ag 
(Type K-5) , 55% ZnS+-45% CdS:Ag (L-4) , 62% ZnS+38% zZnSe:Ag (K-38) , 90% ZnS°10% 
CdS:Cu (L-10), Zn0:Zn (K-20), ZngSi04:Mn (K-35), CaW04 and CaS04:Mn phosphors 
under excitation by Li, Na, K, Rb and Cs ions with energies up to 6 kev. 


1. Luminance under ionic excitation 


The ionoluminescence output is proportional to the current density (in the 
range from 10710 to 10-8 amp/em2), The variation in brightness E; as a function 
of the ion energy, as in the case of cathodoluminescence, is parabolic in the 
range of low ion energies V and becomes linear in the range of high V. The lumi- 
nescence threshold energy for different phosphors, which varied from 1.5 to 0.7 
kev, was found to be higher for phosphors with a large “dead potential" under 
electron (CR) excitation (K-5 & K-38). The brightness E,; under ionic excitation 
was compared with the brightness Ee under CR excitation under equal conditions 
(same energy and current density). The values of B = Ei/E, for V = 6 kev are 
listed in Table 1. These values are only indicative inasmuch as they are strong- 
ly dependent on the state of the phosphor surface, particularly in the case of 
heavy ions. 


Table 1 
Values of B = Ej/Eg for V = 6 kev (in percent) 


ee ——————eee 


ron ZnS —Ag a _ eee zn8-048 = opi genta Lede “1 Ga WO Se 
eit ; to bate 

Lig | ef oO yl 3 0,8 = 6,4 6, 

7 cee beg 1 is ws 5 2,9 25 én: 

Ke bet dg 1 0,8 oS 4,5 2 1,8 1,8 

Rb+ 0,7 0,35 | 0,4 — - 1,3 1,1 1,4 

Cst 0,15 0,35 0,4 0,95 ay AMR bet 0,8 


It is interesting to note that B for all the investigated phosphors is of 
the same order of magnitude, whereas the cathodoluminescence output of these phos- 
phors varies by a factor of more than 20 (ZnS:Ag and CaSO4;Mn). The value of B 
determines the lower bound of the fraction of the ion energy expended on elec- 
tronic excitation, and comparison of this quantity with the ion range (in the 
sense of the depth of the excited layer) yields a measure of the excitation pro- 
duced by collisions of the ions with the atoms of the crystal. 


2. Aging (disintegration) of the phosphors 
2. Aging \dcisintes 


Excitation by ions is accompanied by disintegration of the phosphor, which 
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i i in decrease of the luminance with time (aging or ion burn). 
oe ieee cae in brightness depends directly on the bombardment charge Q = jt 
(t is the bombardment time) , which indicates that the process involved is ele- 
mentary. Aging is the result of disturbance of the crystal lattice owing to 
elastic collisions of the ions with the atoms of the crystal. The different 
phosphors differ markedly as regards aging. Thus in the case of 55ZnS « 45CdS: Ag 
and 62ZnS-38ZnSe:Ag (group I) the luminance fell off 50% as a noeuLe of irradia- 
tion with a charge Q,, = 6°10~8 coulomb/cm? = 5-1011 particles/cm“; after bom- 
bardment with a charge 5(:,,the brightness amounts to less than 2-5% the initial 
brightness. In the case of ZngSi04:Mn, CaWO4 and CaSOQ4:Mn phosphors (group IT) 
half-disintegration (50% decrease in luminance) occurred with @Q,, = 4.5-1012 
particles/cm2 with the decrease in brightness being described by the hyperbolic 
law. The phosphors of group III (90ZnS-10CdS:Cu and Zn0:Zn) underwent rapid ini- 
tial disintegration (@,, = (0.5-1.5) +1012 particles/cm2) , but then the aging slow- 
ed down; after an irradiation charge of 5@Q,, the luminance amounted to 15-30% of 
the initial value. 

Thus in the case of phosphors of group I the disintegration rapidly suppres- 
ses the ionoluminescence, while in the case of the phosphors of groups II and III 
complete disintegration is not attained even after relatively prolonged bombard- 
ment. 

The ion energy and mass proved to be significant factors in the course of 
the aging process only in the case of Zn0:Zn (the rate of disintegration increased 
with the ion energy and decreased with the ion mass) and CaWO4 (the rate of dis- 
integration increased with the ion mass). 


3. Relation between the excitation depth and disintegration depth 


Both the luminescence and the aging of the phosphor are results of inelastic 
and elastic collisions of the bombarding ions with the atoms of the phosphor crys- 
tal. Observation of the luminescence of phosphors bombarded beforehand with ions 
makes it possible to determine the excitation depth d,, and the disintegration 
depth d.. 

Obviously, if d, >d,, the process of aging cannot result in complete suppres- 
sion of the luminescence. For all the investigated phosphors the luminescence 
was virtually completely suppressed after sufficiently prolonged bombardment (for 
phosphors of groups II and III with Q= 1014-3015 particles/cm?) , so that the con- 
dition d,<d, was always fulfilled. 

Further elucidation of the relation between d,, and a, was arrived at on the 
basis of the following experiments: the phosphor samples were subjected to disinte- 
gration by ions of energy V,, and then we measured the luminescence intensity un- 
der the influence of ions with energies greater than V,. and determined the lumi- 
nescence threshold energy Voz. 

If d, =d,, obviously, V,,, must be close to V; with d,<d, the threshold 
energy should be greater than V,. These experiments yielded the following re- 
sults: after irradiation with a charge resulting in close to complete disintegra- 
tion, Vo_ agreed with V., which is trivial. Further bombardment in the case of 
phosphors of group I resulted in increase of Vor, i.e., for these phosphors 
d,>d,. For ZnS:Ag phosphor bombarded with Li- ions with V.= 1.3 kev and Q= 
= 1.5-1015 particles/cm2, Vox equalled 3 kev; thus (dc)y_.5 key =(4e)yosyey « For 
phosphors of group II bombarded after complete disintegration d, dp. 
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4. Depth of the disintegrated layer 


Development of the procedure proposed by us earlier! enabled us by compari- 
son of the cathodoluminescence brightness curves of freshly prepared and ion bom- 
barded phosphors (E,(V) and E* (V)) to determine the variation in depth of the de- 
structive action of the incident ions. 


The total disintegration depth dis determined from the threshold energy 
for cathodoluminescence: 


dye =1 (V9), (1) 
where / (Vo) is the range for electrons with energy Vo. The further course of the 
disintegration process is determined as follows. The brightness under CR excita- 
tion 
Vv) 
E(V) = \ n («) W (x, V) dz, 


0 


(2) 


where y(z) is the light yield at a depth «x from the surface, and W (z,V) is the 
electron excitation density at this depth. When E£ (V), W (z,V) and 1(V) are known, 
this expression may be regarded as an integral equation with respect to yn (xz) and, 
solving it for ky) (V) and £* (V), we can characterize the variation in disintegra- 
tion with depth by the relationship 


& (2) = 


n* (2) 
n i) ; (3) 


where (rz) and y»*(z) are the luminescence outputs of the freshly prepared and ion 
bombarded phosphors, respectively. 
Assuming 


BV). = kV" (4) 


with the values / = 11.2 mg/cm? and « = 1.5 (V in kev) obtained by averaging the 
data of Refs.2 & 5, 


W (2, V) = Jaf [kV (Ae). (5) 
taken from Ref.3 and differing little from the data of Ref.4, 


E(v) =CV—V,)", (6) 


where C, V, and nm are taken from the experimental values of E(V) for each phos- 
phor, we obtain the solution of Eq.(2) in the form 


n (@) = a7 V" [(80— 1) (a —1) (1 AY ee (4a tt ae AV ey (ed) (do ghee ei 
A=*2; d=hV*. 
We determined the values of d,, and (€(d) from experiments in which the phos- 

phors were bombarded with _ions with energies of 1.3, 3.3 pac kev and cpa eae 
20 = 2.5°1012 particles/cm” (phosphors of group I) and Q= 104% particles/cm 
(phosphors of groups II and III). on 
: ; Sine calculated values of d,.lie in the range from 1 to 40 mg/em2, The varia 
tion of d, with the ion energy is given with an accuracy of 5-30% by the relation 
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dog = OVE. 


The values of ) and 8 (with d measured in mg/em2 and V in kv) for different phos- 
phors and ions are listed in Table 2. 


Table 2 
a a a 
Average 
Li Na K Rb Cs ee 
Phosphor ; ; : : ; : : | : | ' ; 
ZnS — Ag 14 On 19.5) Oplasy O55) O58 |) Foe Ded Mea | 0,68 0, 64 
Z0S.CdS — Ag \'5 W(C0586°13,3| 0,87 13,01 One 1S OLR W7: 83,081 ONE IMEC Te 
ZnS.ZnSe —Ag ! 8,9] 0,74 |7 (te) 7 0,64 | 0,9 7 — — 0,79 
LiaSiCoiS) = (Cu PAM A OMAN Hl (tes tha} One || ly |!) dheal Ae GD Onde HAO, 
ZnO — Zn 2 AAD |i ee tl 12 0,85 — —_ 0,93 
Zn2SiO4 — Mn —| — “kegel lk al) NAN Ah n8) Jom Or oZ 0,87 1 Pa 0,95 
CaW OO, 2 Oy Say al eal) Oeh ja! 0,9 1 0,9 0.85 | 0,9 0,9 
CaSO, — Mn SF W.8 all —= 6! O85 |) Wz OA |! SL 0,9 0,94 
Average values 0,94 0,86 0,84 0,84 0,84 0,86 


Calculation of the values of {€(d) showed that for phosphors of group II the 
disintegrated layer has a relatively sharp boundary; the half disintegration 
depth di, (€(dy,) = 0.5) is greater than the complete disintegration depth d,, by a 
factor of 1.2-1.3. Phosphors of groups I and III do not exhibit such a sharp 
boundary and for them d:, exceeds the complete disintegration depth by a factor 
of 2.5-3.5, and increases with increasing ion energy more rapidly than d,. 

We are of the opinion that the ion range somewhat exceeds d, for phosphors 
of group II and is less than d, for phosphors of group I (inasmuch as they are 
highly sensitive to ion induced disturbances). 

This evaluation of the ion range is in reasonable agreement with the data 
of the relatively few studies®,® of penetration of ions into crystals. The ap- 
preciable divergence between the present data and the data obtained by us in the 
work of Ref.1 must be attributed to the incorrect value of the coefficient k used 
in Eq.(4); the erroneous value was taken from the work of Alden & Koller and Young’ 
and led to electron range of values lower by a factor of 7 to 15 compared to those 
given by more recent studies. 2 

The results of our earlier study1 recalculated using the new value of k agree 
with the data obtained in the present investigation. 


Chair of Optics, 
Tashkent State University 
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THERMOSTIMULATED LUMINESCENCE WITH DIFFERENT FORMS OF EXCITATION 
- B.M.Nosenko, L.S.Revzin, V.Ya.Yaskolko & A.R.Krasnaya 


In the present work we investigated the light sums stored in CaSO4:Mn, PbSO,: 
:Mn, ZngSi0,:Mn, ZnS:Ag and ZnS:Cu with excitation by electrons (CRE) (V = 0.5 to 
7 kev, i = 10-5 to 10-10 amp/cm2), B-particle excitation (BE) (S35; 40-500 » Cu), 
and photoexcitation (PRK-2 mercury vapor tube, UFS-1 ultraviolet filter plus 
NiSO, (PE-1); UFS-4 ultraviolet filter (PE-2). We measured the light sums as- 
sociated with steady luminescence (S,;), the afterglow (S,) and thermostimulated 
luminescence (St); we also determined the ratios of these quantities to the exci- 
tation exposure, i.e., the specific light sums 7,, Yo and 7,.— 

To bring out the specific characteristics of the different forms of excita- 
tion it is convenient to use the relative afterglow light sum fg = 7¥,/7.>5~ and the 
relative thermoluminescence light sum Nt = yt/7gt- 

The measurements were carried out in the temperature range from -180° to +309; 
the heating rates were 60 degree/min and 150 degree/min. Comparison of the exci- 
tation density was carried out with reference to the number nof ion pairs (exci- 
ted states) produced in a unit volume per unit time. For CRE and BE the excita- 
tion density was also evaluated with reference to the number Nj of ion pairs pro- 

“duced in a unit volume of track. In a number of cases it proved convenient to 
consider the mean final density N, the number of ion pairs forming in a unit vol- 
ume during the excitation time. 


CaSO,4:Mn 


The principal thermostimulated luminescence peak of CaSO4:Mn is observed at 
-90° (under strong excitation there also appears a peak at -1259; this is approxi- 
mately one tenth the height of the main peak). The measurement results with refer- 
ence to the principal peak are summarized in Table l. 


Table 1 


Form of 
excitation 


1500 1018 


15-180 1015-1016 


BE 


*y>s¢ is directly proportional to the steady state brightness Ict. 
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Table 2 
1 
| | | ig aes 
Para— Tipe oe —{10° 30° —40° —80° ==410), 11 
meter | | | 
{ | 
ies 256 934 | 228 200 185 158 143 [435 
ee 183 164 | 460 155 147 145 160 tice 
Ne 44 | 4,42 |) 4542 1,28 4,25 1,4 0,9 | 0,78 


With increase of T,+ from -180° to room temperature with BE, %st at first 
decreases and then beings to rise; vy; at first increases slowly and then more 
rapidly, the inflection point being located in the -80° to -50° region (see Table 
2). The temperature dependence of yz indicates that the energy storage process 
needs activation; the variation of y,; with Tg; is explained on the hypothesis 
of two-step excitation. 


The glow curve for PbSO4:Mn has only one peak located at -54°. The relative 
light sums stored with CRE and BE are approximately the same and some 2.5 orders 
higher than with PE-1. With increase of Texcit to room temperature the relative 
light sum with BE increases by a factor of about 6 owing to decrease of 7,4; with 
PE it increases more rapidly not only owing to decrease of y>+ but also because 
of rise of y~ (thermal activation of storage). The ratios of 7; at room tem- 
perature for BE, PE and CRE were found to be 1:10:50. 

The luminescence spectrum contains two bands: an orange manganese band peak- 
ing at ~615 mi and the blue band of "pure'’ PbSO4 with \max ¥ 425 mu. PE-1 yields 
orange luminescence at all temperatures and orange thermoluminescence. CRE at 
room temperature yields orange luminescence, which changes to blue with increase 
of temperature. BE at Tst = -180° to +20° gives a blue band with a small admix- 
ture of orange, but with increase of Tg; to 80° the relative intensity of the 
orange band increases appreciably. 


ZngSi0 4: Mn 


The glow curves for Zn9Si04:Mn have two peaks: the first peak is complex 
with the principal maximum at -88° and three lower peaks located at -115, -47 
and -3°; the relative light sum associated with this peak is of the same order 
of magnitude with all types of excitation. For the second, blue peak (Ty, = 75°) 
the relative light sum is greatest with BE, and is approximately 5 times smaller 
with PE-1 and 200 times smaller with CRE. The excitation density N with BE equals 
1014 cm-3, with CRE N = 1018-1020 cm-3, and with PE, N = 1015-1017 om-3, The 
values of 7st with PE-1 and CRE are approximately the same, while with BE the 
value of 7st is 2-3 orders of magnitude lower. The value of yt for the second 
peak decreases with increase in the PE intensity, but not with increase of the 
excitation time. 


ZnS:Cu 


The green band of ZnS:Cu was isolated by a 3S-1 filter. There were observed 
two thermoluminescence peaks, located at -53 and at 22°. The relative afterglow 


(at -180°) and thermoluminescence light sums and the excitation densities measured 
for this phosphor are listed in Table 3. 
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Table 3 
ee ee ne SG SE PINS Tn SS 
| 
ner n, a : 
tation Na a Ney “to an72 sec7t N, on-® Nycm-® 
PE-1 0,02 0,04 0,03 2 | nk ties te 
ne 0,04 5,9 1,0 aa; ire O | 104 — 
ea roe 2) es sa Sol ahh t0 Cae Mir hele tae 11s 
CRE ‘ou MCa— 120 1 7 | 409164918 | 491841026 7 
surable | : 0,15 0,07 10 10! | 1O18— 4 0% 40! 
ZnS; Ag 


The glow curves for ZnS:Ag phosphor are characterized by one complex maxi- 
mum, which may be resolved into two peaks located at -103 and -64°. The relative 
afterglow (at -180°) and thermoluminescence light sums, the maximum saturation 
light sums and the excitation densities for this phosphor are listed in Table 4 
together with the values of the steady state luminescence and the thickness / 
of the excited layer. I,; increases with the mean excitation density; at the 


same CRE and PE-2 densities the steady brightnesses referred to a unit volume 
are equal. 


Table 4 
EXCL | = S. 
i? N N Sue Sennuuce— SRE 
Vy 
tation |W? KCVv at mS arb.| 5 ™ | Na Nt ori maximum 
= cm is | 
cm units | 
| | 
i an tees 1015 See Ome 0,1 ORS None = 
Pe i iG =P {9842140 |2-40-8 cs For S, 2-404 
| | | 408 | 
3 1027 | 4018 aie B-10se 15.4059) toe 10 None 
= 402 | -40-8 
CRE F Sey Hl \17 =6 4 bd 
3) 101 = 3-10 ©. = \Forlst,Sa, 54 2 fe 
0,5 LOM Sea O22 = = — — f 3-10" 


Working with thin layers of this phosphor, layers virtually transparent to 
the exciting light, we observed the de-exciting action of cathode rays. The 
phosphor was excited with ultraviolet light (\ = 365 mu) to saturation. Irradia- 
tion with cathode rays reduced the stored light sum. The effect was weakly de- 
pendent on the current density (it showed a tendence to decrease with increase of 
the density) and increased linearly with the irradiation time at a constant cur- 
rent density. With a charge of 4*10-5 coulomb/cm? up to 30% of the stored light 
sum was emitted. The depth of the exciting action of electrons in the investi- 
gated energy range is 10 to 50 times less than the depth of UV excitation. 

Corpuscular forms of excitation (CRE, BE, y-excitation, etc.) may be dis- 
tinguished from PE by the following factors: the density and depth of excitation, 
bands of preferential absorption, magnitude of the de-exciting and quenching in- 
fluence of the exciting agent, presence and magnitude of general and local heat- 
ing. Taking into account the different densities and depths of excitation satis- 
factorily explains the observed3-9 differences in the values of I,4 and 7, with 
PE, CRE and BE. 

By making certain specific assumptions regarding the relation between the 
de-exciting influence of the exciting agent and the excitation density, one can 


- 310 - 


explain the variation of 7¢ with the exciting agent; unfortunately, the assump- 
tions must be contradictory for zinc sulfide and sulfate phosphors, because for 

the former the de-exciting influence must increase with the density, while for the 
latter it should decrease. Taking into account selectivity in the absorption with 
PE and CRE, one can also explain the effect of redistribution in intensity between 
the deep ("copper") and shallow peaks in ZnS:Cu. Finally, some complication of 

the straightforward band diagram (introduction of an activation energy for storage, 
a thermal barrier®, etc.) makes it possible to explain the different temperature 
dependences of the spectral composition of the luminescence of PbSO,: Mn under dif- 
ferent forms of excitation. However, part of the observed factors can be satis- 
factorily explained only by introducing highly particular and specific assump- 
tions. We have in mind, for example, the differences as regards saturation of 

S; and the different behavior of the shallow and the deep peaks of willemite with 
CRE, PE and BE. 

In our opinion, the distinctive behavior observed with CRE is connected not 
only with the above mentioned factors but in many cases with the effect of charg- 
ing. Although in the region of excitation energies where the secondary emission 
coefficient is greater than unity the charging is of the order of a volt and is 
weakly dependent on the current density, in the case of thin layers the field 
strength proves to be sufficient for inducing electroluminescent effects. These 
considerations may also serve to explain the strange effect of the de-exciting 
action of cathode rays on the light sum stored in a photo-excited layer: under 
excitation by electrons the electric field formed in the volume of the crystal 
as a result of charging leads to the effect of de-excitation. Obviously, electro- 
luminescent effects connected with the effect of charging will also influence the 
relaxation processes and the maximum S;, Thus taking into account the effect of 
charging should help explain the difference between cathode-ray excitation and 
excitation by light photons, y-rays and B-particles. 


Chair of Optics, 
Tashkent State University 
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SINGLE CRYSTAL CATHODOLUMINESCENT SCREENS 
- M.A.Vasil'eva, V.V.Kuprevich, I.V.Stepanov & P.P.Feofilov 


There is at present an acute need for high resolution cathodoluminescent 
screens. Such screens, for example, are necessary for investigation of electron 
optical systems, for adjustment of electron microscopes, and for use in light- 
electron microscopes. 

High resolution cannot be realized in the case of conventional screens with 
a polycrystalline coating. Somewhat better resolution is exhibited by sublimate 
phosphors. However, these suffer from reduced image contrast owing to appreciable 
light scattering in the sublimated layer. Best results can be obtained by using 
so-called structureless screens and, in particular, single crystal screens. Their 
high resolving power is due to the absence of macrostructure; their high image 
contrast - to the virtual absence of light scattering. 

We developed and investigated single crystal cathodoluminescent screens of 
artificial fluorite (CaFe9), strontium fluoride and barium fluoride activated 
with uranium and different rare earths (Sm, Eu, Tb, Dy, Ho, Er & Tm). 

The crystals were grown in vacuum by the procedure developed by I.V. Stepanov 
on the basis of the Bridgeman? technique, as perfected by Stockbarger3. The acti- 
vators were introduced into the intial batch in the form of uranyl fluoride (U09F9) 
or the rare earth fluoride. Uranium activated crystals exhibited bright green 
luminescence under electron beam and ultraviolet light stimulation only after 
heating in air at a temperature of about 900°.4,5 The luminescence of rare earth 
activated crystals was observed without preliminary heat treatment both under CR 
and UV excitation. 

The luminescence color of the crystals is generally characteristic of the 
activating rare earth, but varies somewhat in going from fluorite to strontium 
fluoride and barium fluoride. Thus the luminescence color can be varied in a wide 
range by appropriate choice of the activator. The cathodoluminescence spectra of 
the screens proved to be virtually identical with the corresponding photolumines- 
cence spectra. 

Ae earth fluoride crystals have a low surface conductivity. Hence to elimi- 
' nate build-up of charge on the screens these were coated on the excitation side 
with a conducting film of silver or aluminum. The cathodoluminescence character- 
istics were investigated on an electron-optical set-up designed for testing lumi- 
mescence screens. The emission was observed from the unbombarded side. 

The cathodoluminescence characteristics of the different screens are general- 
ly similar. Hence by way of typical example one may cite the data for CaFo9:Eu 
screens. (Data on CaFo:Eu screens will be found in Ref.5.) The europium in BSne 
luminophors is mainly in the divalent state and exhibits bright blue soramenmnci ais 
Fig.l shows the variation of the light output of CaFo:Eu screens as a function of 
the activator concentration. As will be evident from the figure, the cathodotumss 
nescence intensity increases with increase of the activator Superior oa to a 
weak maximum in the 0.20-0.25% region, and then begins to fall off slightly. 

In the case of CaFo:Eu we did not observe saturation of the pean 128 
brightness with increase of the accelerating potential. In the CREE sf ae me 
the other screens the increase in brightness with increasing beam ene 0) 
gins to slow down at 15-20 kv. The cathodoluminescence brightness % Ue tio naz 
is proportional to the electron current to the screen, at least pan aS ee ; 

The resolution of the single crystal screens was determined wi ic id 
a small electron microscope and the above mentioned screen test set-up. @ ree 
lution of structureless (transparent) screens depends primarily on the depth o 
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Fig.l. Variation of the cathodolumines- Fig.2. Variation of the resolution of 


cence output of CaF o:Eu screens as a CaFo:U and CaFo:Eu screens as a func- 
function of the activator concentration. tion of the accelerating potential; 
V=11kv; i= 10-7 amp/em, i = 1078 amp/cm?. 


electron penetration into the luminescing material, and, in the final analysis, 
on the velocity of the electrons and also on the density of the luminescing medi- 
um. Curves characterizing the resolution of CaF5:U and CaF2:Eu screens as a func- 
tion of the accelerating potential are shown in Fig.2. The lower resolving power 
of europium activated fluorite can be explained partly by the interfering influ- 
ence of the x-rays generated in the electron bombarded screen and partly by sub- 
jective factors (the blue emission of Eu is unfavorable for observation). As 
noted, the resolution also depends on the density of the crystals. Thus at an 
accelerating potential of 30 kv the resolution of fluorite screens lies in the 
range from 2 to 3 uw, that of strontium fluoride screens in the range from 1.5 to 
2 wu, while the resolution of barium fluoride screens attains 1 iu. 

Temperature quenching of the luminescence and the duration of afterglow were 
investigated with excitation of the crystals by ultraviolet. Virtually no quench- 
ing of the luminescence of the rare earth activated crystal was observed up to 
200°, except in the case of CaFo:Eu, for which temperature quenching begins at 500° 
(Ref.6). In the case of CaFo:U crystals, however, the luminescence intensity be- 
gins to decrease at 20° and at 50° falls to half the initial value.° The persis- 
tence T of the excited state of crystals activated by rare earths lies in the range 
from 10-2 to 1073 sec (for Eu2 - 1077 sec). For uranium activated crystals, T= 
~ 1074 sec. 

An important factor under most operating conditions is stability of the crys- 
tals as regards irreversible changes under the influence of electron bombardment. 
We found that if one uses pure raw materials and takes appropriate precautions to 
guard against contamination in the process of growth, the resultant screens do not 
show any loss in luminescence intensity after many hours of electron bombardment 
(current density 1077-1078 amp/cm?). 

The developed cathodoluminescent screens are also stable as regards exposure 
to the atmosphere and heat. The latter is particularly important when the screens 
are used in vacuum electronic devices that must be heated for outgassing in the 
process of fabrication. The screens are also mechanically strong and are not af- 
fected by dirt. 


ms wo ™ 


4 Some of the high resolution screens have been used in the EM-6 light-electron 
microscope and in some other electronic instruments. 


1. I.V.Stepanov & P,P.Feofilov, in "Rost kristallov" 
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INVESTIGATION OF ACTIVATORLESS ZnS SUBLIMATE PHOSPHORS 


- E.Ya.Arapova 


The thin zinc sulfide films investigated in the present work were prepared 
by vacuum evaporation onto heated quartz plates. The zinc sulfide was treated 
beforehand for 2 hours in a current of H9S at 1150° and purified of excess sulfur 
by aging in vacuum. When zinc sulfide is deposited on quartz substrates heated 
to 200 to 350° there are obtained films with blue luminescence under excitation 


by ultraviolet ( = 313 my). 


Films prepared on substrates at higher temperatures 


emit only a weak red-orange luminescence. 
In order to elucidate the nature of the blue luminescence we investigated 
»the absorption and excitation spectra of the ZnS films and also recorded diffrac- 
tion patterns for them. The x-ray diffraction studies showed that these films 
have cubic structure; no evidence pointing to the presence of zinc oxide was found. 


ee 190 218 
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‘Absorption (a) and excitation 
(b) spectra of ZnS films. 


The absorption and excitation spectra of a ZnS 
film with blue luminescences prepared by vacuum 
evaporation onto a substrate heated to 300° are 
shown in the accompanying figure. It will be seen 
that strong absorption begins at about 340 mu, goes 
through a hump at 325-330 mu, increases rapidly to 
220 mu and then goes through two maxima at 218 and 
190 mu. Hall2, in addition to a band at 330 mu, 
reports observing an absorption band located at 
213.8 mut. The above mentioned absorption at 190 
mu has not been reported hitherto. 

- It will be evident from a comparison of ab- 
sorption and excitation spectra that there is a 
dip in the excitation curve in the region of the 
218 mu absorption band of the material. This band 
is inactive. On the other hand, in the region of 
the 190 mu absorption peak there is observed a 
strong increase in excitation. Hence this absorp- 
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tion band is active. . 
Analogous effects have been described in the literature~ for other lumino- 


phors. 
We tested the stability of the blue luminescing ZnS films as regards repeat- 
ed heating: the ZnS films were heated in vacuum for 1 hour at temperatures from 
400 to 900°, Up to a temperature of 700° the brightness of the blue luminescence 
is not affected; the absorption spectrum also remains unchanged. As a result of 
heating to 800° the blue luminescence becomes weaker, and at 900° it vanishes, 

the film darkens, and exhibits only weak red emission. X-ray diffraction studies 
showed that at 800 to 900° the cubic ZnS lattice begins to transform to the hexa- 
gonal modification. 

Thus the results of our experiments substantiate the assertion, made earlier, 
that the blue luminescence of activatorless zinc sulfide can be obtained in the 
absence of any coactivator. 

We are undertaking further research to determine the influence of coactivator 
impurities on the blue luminescence of activatorless zinc sulfide. 
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SOME CHARACTERISTICS OF ZINC SULFIDE-SELENIDE SUBLIMATE SCREENS 
- V.V.Golubets 


There are two basic procedures for preparing sublimate screens: in employing 
the first, transparent luminescent layers are obtained as a result of reaction in 
the gaseous phase between zinc vapor and hydrogen sulfidel, the second procedure 
is based on evaporation under vacuum of previously prepared phosphors and involves 
additional heating of the sublimate layers?, In both cases the luminescence bright- 
ness of the resultant screens attains 20-30% of the brightness of the corresponding 
powdered phosphor. 

In the present work we demonstrated that by appropriate choice of the evapo- 
ration conditions the brightness of zinc sulfide-selenide sublimate screens can 
be appreciably enhanced. We also measured some of the characteristics of zinc 
sulfide-selenide screens under cathode-ray excitation. 


Experimental part 


For preparing our screens we used 85% ZnS°*15% ZnSe:6°107” Cu. The phosphor 
was evaporated from a quartz vaporizer onto a preheated glass substrate. After 
evacuation of the vessel and before evaporation of the phosphor powder, a metered 
amount of hydrogen chloride was admitted into the reaction space. By means of 
this preparation procedure there were obtained sublimate screens with a bright 
green cathodoluminescence,. 

The luminescence spectra of the sublimate screens were investigated in a 
demountable cathode-ray tube with excitation by a stationary electron beam. For 
recording the spectral characteristics we used a UM-2 monochromator with the radi- 
ation being detected by an FEU-19 photomultiplier. The duration of phosphores- 
cence was measured in a demountable cathode-ray tube connected into an oscillo- 
graphic circuit. 

Characteristics of sublimate screens 


In experiments on sublimation of zinc 
sulfide-selenide it was established that 
the spectral composition and brightness of 
the cathodoluminescence of the resultant 
sublimate screens depend on the concentra- 
tion of hydrogen chloride in the gaseous 
phase. The cathodoluminescence spectra of 
sublimate screens obtained with different 
HCl concentrations in the vacuum chamber are 
shown in the accompanying figure. With in- 
crease of the HCl concentration the peak of 
the spectrum band shifts to the short wave- 
1 sy length side. During sublimation there oc- 

460 480 520 560 600 640 7 mt curs a partial loss of selenium, owing to 

thermal dissociation of the zinc sulfide- 
Variation of the spectral composi- selenide, as a result of which the relative 


tion of the luminescence of ZnS* content of zinc sulfide in the layer in- 
*ZnSe:Cu sublimate screens depend- creases.9 ; 

ing on the concentration of HCl in For determining the variation of the 
the gaseous phase: 1) 0.019%, 2) cathodoluminescence intensity as a function 


0.038%, 3) 0.076%. V=15 kv, i= of the HCl concentration in the gaseous 
= 0.03 ua/em. phase we prepared a series of screens with 
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the same coating thickness. The brightness was measured with observation from 
the unbombarded side in a demountable cathode-ray tube. It was found that at 
first, with increasing HCl concentration the brightness increases linearly; the 
increase slows down at an HCl concentration of 0.048% and attains a maximum value 
at 0.057%. With further increase of the HCl concentration the brightness falls 
off fairly rapidly. 

It may be assumed that the effect of hydrogen chloride on the luminescence 
brightness depends on a number of factors. First, with changes in the amount of 
HCl in the gaseous phase there are realized different conditions for incorpora- 
tion of the activator into the host lattice. Thus, Kréger, Hellingman & Smit 
showed that when ZnS:Cu without flux is heated, the intensity of the green lumi- 
nescence band depends on the concentration of hydrogen chloride present. Second, 
hydrogen chloride in the process of sublimation acts as a mineralizer, so that 
changes in the amount of it present in the gaseous phase may lead to changes in 
the chemical nature and structure of the sublimate layer. In the present work 
we were only able to follow the combined influence of these two factors on the 
cathodoluminescence brightness. 

The investigated zinc sulfide-selenide sublimate screens exhibit a persis- 
tent phosphorescence. Thus in the case of the sublimate screen obtained with 
0.057% HCl in the gaseous phase decay of the brightness to 5% the initial value 
occurs only at the end of 3-1072 sec. Such persistent phosphorescence is typi- 
cal of copper activated zinc sulfide-selenide. 

The resolving power of the sublimate screens is 1.5-2 times higher than that 
of corresponding screens prepared by the conventional method (settling). The 
brightness of the investigated sublimate screens equals 70-80% the brightness of 
the corresponding conventional screens. 

I desire to thank E.I.Chernovetskaya for preparing the phosphor and M.S. 
Paramonova and G.A,Zhirnova for assistance in the work. 
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LUMINESCENCE PROPERTIES OF CERIUM ACTIVATED ALUMINUM OXIDE AND 
HELENITE UNDER CATHODE-RAY EXCITATION 


- T.V.Oranovskaya 


The preparation of cathodoluminophors with short persistence is at present 
one of the most important problems in phosphor research. There are very few such 
luminophors in industrial use. Recently there have appeared in the domestic and 
foreign literature a number of reports on the use in cathode-ray tubes of a short 
persistence phosphor with the crystal lattice of helenite - 2Ca0*Alo03°Si09:Ce - 
which has a good efficiency, a decay time of ~2:107? sec and max = 4050-4100 A,1-3 

The principal raw materials for preparing helenite are usually CaO, Si0»5 and 
Al903; the activator is commonly Ce(N03)3°6H,0. The first two oxides are avail- 
able in the luminescence pure grade (<3*107-3% Fe, ~2°10-4% Cu); the aluminum oxide 
is usually prepared by thermal decomposition of reagent grade aluminum ammonium 
sulfate (5-10-4% Fe, 5-1075% Cu). In the process the impurities convert to Alo0., 
but there occurs additional contamination of the product, particularly if the heat- 
ing is carried out in a porcelain or alundum crucible. All this greatly compli- 
cates preparation of the phosphors. 

In the present work we investigated the luminescence spectra, emission bright- 
ness and decay time of 2Ca0°Alo03°Si05:Ce and Alg03:Ce phosphors as a function of 
the amount of heavy metals (Fe, Cu & Cr) present in the batch. 

The aluminum oxide used was in the form of Q-A1,0.. 

All the characteristics were investigated with excitation by a stationary 
electron beam with V = 15-17 kv and i = 0.1 wa/em2, The spectra were recorded by 
means of a UM-3 monochromator with the radiation being detected by a photomulti- 
plier with a cesium-antimony or cesium oxide-silver photocathode. The short-lived 


component of the decay (from 10-4 to 1071 sec) was determined by the oscillograph- 
ic procedure. 


Experimental part 


The spectral characteristics of 2Ca0*Alo903°Si09:Ce and Alo03:Ce are shown in 
Fig.1. The emission spectra of these phosphors are stable as regards the loca- 
tion of the peak and do not change with variation of the Ce concentration and the 
conditions of heat treatment. In a number of cases, however, in the spectra of 
phosphors prepared from the same initial products there appears, in addition to 


[,% 


100 


Fig.1. Cathodoluminescence spectra of: 1) Alg03:Ce and 2 & 3) 2Ca0+Alo03°Si09:Ce. 
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Fig.2. Cathodoluminescence spectra of Alo03:Ce phosphors with different concentra- 
tions of iron: 1) 0.0025% Fe, 2) 0.005% Fe, 3) 0.01% Fe, 4) 0.05% Fe; 5) spectrum 
of Alo902:1% Cr. 


the blue band peaking at 4050 A and corresponding to cerium, a narrow band with 
max = 690 A, which may be identified with chromium. The intensity of this band 
varies in a wide range. Specimens containing this red band in their luminescence 
spectrum are also characterized by a more persistent afterglow and a lower lumi- 
nescence intensity. These effects are most pronounced in Aloj03:Ce; hence most of 
the investigations were carried out with this phosphor, and only the final results 
were checked with helenite. 

According to the data of spectroscopic analysis, the initial aluminum oxide 
contained ~5°10-3% Fe and ~6°1073% Cr. We investigated the following phosphors: 
Alo03:Ce:Cr (the additional amounts of Cr being 1+1073, 1°10-2 and 1°1071%), 
Alo03:Ce:Fe (we introduced 5°1073, 1°10-2 and 5+*10-2% Fe), and A1903:0.1% Cr 
without cerium. 

We measured the luminescence intensity of the individual bands and the decay 
time of all the luminophors. Our measurements showed that all the Al903:Fe:Cr 
and Al903:Ce:Fe phosphors exhibit in their luminescence spectrum a red band with 
Amax = 6920 A, and that the intensity of this band varies, depending on the con- 
centration of Cr or Fe. 

With increase of the chromium concentration from 0.006 to 0.1% the intensity 
of the red band increases by a factor of almost 7; at the same time the intensity 
of the blue band decreases. At a chromium concentration of ~1°1072% the blue 
band is completely suppressed, while at a concentration of ~1°107%% the red band 
has an intensity equal to ~30% the intensity of the blue one. All the specimens 
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had a persistent afterglow: at the end of 1072 sec, and in some cases at the end 
of 1071 sec, the residual brightness exceeded 5% the initial value. 

Introduction of iron into Alo03:Ce results in substantial decrease of the 
luminance, and the emission color changes from blue to rose. Measurements of the 
intensities of the red and blue bands showed that iron is a quencher for both the 
blue and the red radiation, but that the intensity of the former decreases more 
rapidly, so that at a certain concentration of Fe the red begins to predominate 
in the emission spectrum. In addition to changing the color of luminescence, 
introduction of iron, like introduction of chromium, results in increase of the 
afterglow persistence. As regards both shape and position of the red band Alo02: 
:Ce:Cr and Alo03:Ce:Fe are similar to Alo09:Cr (Fig.2). Consequently, it may be 
inferred that the cause of the red band is contamination of the initial aluminum 
oxide by chromium; iron only facilitates manifestation of this Cr band. 

The luminescence spectrum of Al903:Fe consists of two bands peaking at 6920 
and 5200 A. The first of these two is the band of chromium. The green band is 
also present in the cathodoluminescence spectra of Alo903:Ce:Fe phosphors and in 
specimens of Alo03:Ce:Cr containing chromium in concentrations under 10-72%, but 
its intensity in these phosphors is relatively low. In the spectrum of Al,0.,:Fe 
the intensity of the green band equals about 30% relative to the intensity of the 
red emission. 

According to the data in the literature”, green luminescence of Alo03 may 
appear when this substance is activated by copper or manganese. According to 
spectroscopic analyses, the Mn content in our aluminum oxide specimens was <1.6° 
*107 44; the copper content varied from 210-5 to 1°10-3%, The intensity of the 
band peaking at ~5200 A in the spectra of the specimens with the higher Cu con- 
centration is appreciably greater. Al503:Cu exhibits bright green luminescence 
with Anax = 5200 A. Introduction of copper into Alg03:Ce also results in enhanced 
intensity of the green band. Introduction of copper in the amount of 1% by weight 
into the initial batch results in a phosphor with a green luminescence band having 
an intensity equal to ~50% the intensity of the cerium band. 

All the phosphors containing Cu have a persistent afterglow: the decay time 
to 5% of the initial intensity value is 1072 sec. 

Investigation of "activatorless" phosphors, i.e., Alj03 without deliberately 
introduced Cr, Fe, Cu or Ce showed that in their spectra there is also evinced a 
band peaking at 5200-5300 A and a band with Amax = 6920 A. The intensity of these 
bands depends on the purity of the aluminum oxide; this was checked by spectro- 
scopic analysis of different batches of Alo0g3 for Cr, Fe and Cu. 

The best results as regards short persistence and luminescence intensity 
were obtained for the specimens prepared of spectroscopically pure aluminum oxide 
(<1-10-3% Fe and <1.3°107%% Cr). 

Comparison of the principal characteristics of Alo03:Ce and 2Ca0°A1903°Si05: 
:Ce phosphors prepared of spectroscopically pure and reagent grade AloO0g and alu- 
minum oxide obtained by decomposition of reagent grade ammonium alum showed that 
use of spectroscopically pure aluminum oxide yields a 20-25% increase in lumines- 
cence brightness as compared with phosphors prepared of Alo03 obtained by decompo- 
sition of the alum. The decay time of such cathodoluminophors to 5% the initial 
brightness is ~1+-10-4 sec. 

I desire to express my deep gratitude to A Ya.Gutner and E.K.Raspletina for 
carrying out the measurements of the luminescence characteristics Os the lumino- 
phors, to N.G.Karpel' for spectroscopic analysis of the aluminum oxide samples, 
and to V.G.Sergeeva for preparing the phosphor specimens. 
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CATHODOLUMINOPHORS WITH VERY SHORT PERSISTENCE AND EMISSION IN THE BLUE, 
YELLOW AND RED REGIONS 
- Z.I.Klabukova & A.V.Morozova 


In preparing CdS:Ag and ZnSe:AgNi phosphors from different batches of raw 
materials, we often noted a marked lack of reproducibility of the luminescence 
properties. For our work we used laboratory samples and materials supplied by 
the Krasnyi khimik (Red Chemist) Plant, rated as luminescence pure. All the 
batches of CdS were obtained by precipitation with hydrogen sulfide from solu- 
tions of CdSO4; all the batches of ZnSe were obtained by the ZnS + Se09 reaction 
(''wet" variant). The batches were heated in the furnace atmosphere for 1 hour 
at 600° in the case of CdS:Ag and for 1/2 hour at 900° in the case of ZnSe:AgNi; 
2% NaCl was used as the flux (in preparing helenite we used 6% LiCl and heated 
the mixture for 5 hr at 1250°). 

For the CdS:Ag phosphors we observed displacement of Amax from 7400-7200 A 
(curves 13 and 10 in the accompanying figure) to 6900 A (curve 9). According to 
Grillotl, Amax = 7400 A. At the same time there was observed an increase in the 
luminescence brightness and decrease in the size of the phosphor grains. Compari- 
son of the data of chemical and spectroscopic analyses and x-ray diffraction 
studies showed that different samples of unheated CdS differ mainly as regards 
the structure of the crystals (sphalerite and greenockite) , which is in agreement 
with the indications in the literature”. This presumably explains the observed 
variation of the properties of CdS and CdS:Ag phosphors. 

For the ZnSe and ZnSe:AgNi phosphors we noted significant variation as re- 
gards the luminescence spectrum and brightness, and afterglow persistence and 
thernal stability. It was established that from all the different batches of 
ZnSe there were obtained essentially two different types of self-activated ZnSe 
(NaCl) phosphors: phosphors with \max = 6400 A and phosphors with Amax = 6100 A. 

Only ZnSe from batch B* proved to be suitable for preparing heat stable 
ZnSe: Ag:Ni cathodoluminophor with one emission band (max = 5700 A) and a very 
short persistence @2°107© sec). 

However, the luminescence band of ZnSe(NaCl) prepared of batches A proved 
to be more stable as regards introduction of Ag, heating in air or vacuum and 

*B designates ZnSe batches yielding self-activated ZnSe(NaCl) with x ax = 
6100 A; A designates ZnSe batches yielding ZnSe(NaCl) with Amax = 6400 i 
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Cathodoluminescence spectra: 1 - 2 Ca0*A1903°Si09:1.6% Ce, 2 - Zn0:Zn, 
3 - ZnSe:1-10-4 Ag: 210-6 Ni, batch B, 4 - ZnSe:1-10-4 Ag, batch B, 5 - 
ZnSe:1°10-4 Ag, batch A, 6 - ZnSe:1-+10-4 Ag:2-10-6 Ni, batch A, 7 - 
ZnSe(2% NaCl), batch B, 8 - ZnSe(2% NaCl), batch A, 9 - CdS:1-1074 Ag, 
batch 1, 10 - CdS:1°10-4 Ag, batch 6, 11 - CdS(2% NaCl), batch 1, 12 - 
CdS (2% NaCl), batch 6, 13 - CdS:1-10-4 Ag, batch 16, 14 - 90% CdS-10% 
ZnS:1-10-4 Ag, batch 16. V = 8 kv, i = 15 pa/cm2, 


variation in the excitation conditions. ZnSe:Ag:Ni prepared of A batches of ZnSe, 
precisely owing to constancy of the Amax = 6400 A band, is appreciably less stable 
than the same phosphor prepared from B batches of ZnSe. ZnSe:Ag:Ni phosphors can 
be decomposed by heating in a current of superheated steam at 400° for 3 hours. 
As a result of such decomposition there appears in the cathodoluminescence spec- 

_ trum the band of the self-activated phosphor with Amax = 6400 A, regardless of 
whether the phosphor was prepared from an A or a B batch. This result is to some 
extent in conflict with the data of Refs.3 and 4, where the \yax = 6100 A band is 
attributed to the presence of Cl (Ref.4) or zinc oxide (Ref.3). We did not ob- 
serve any difference as regards ZnO content (ZnO washed out with acetic acid) in 
the zinc selenide of batches A and B. Introduction of NaCl leads only to an in- 
significant (~50-70 mi) shift of Amax. 

Inasmuch as the batches of ZnSe used in our experiments had the same crystal 
structure (sphalerite) and differed significantly only as regards the content of 
Se, which did not wash out from ZnSe, the observed difference between the lumines- 
cence properties of the ZnSe (NaCl) phosphors produced from A and B batches may 
be attributed to the influence of elemental Se. It will be recalled that selenium 
goes into the vapor state at the heating temperature (800-9009) and, consequently, 
can readily affect the process of formation of luminescence centers. 

We desire to express our sincere gratitude to V.G. Prokhvatilov for carrying 
out the x-ray diffraction studies and to F.M. Pekerman for investigating the photo- 
luminescence spectra. ; 
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CATHODOLUMINESCENCE OF EUROPIUM ACTIVATED STRONTIUM PHOSPHATES 
- V.P.Nazarova 


The purpose of the present work was to develop new cathodoluminophors with 
blue emission and a short persistence. 

Earlier we showed that Q-CapP907:Eu is a bright violet-blue cathodophosphor 
with a narrow diffuse emission band peaking at 4130 A and a short decay time 
(<10-4 sec).1 

Below we give the results of a recent investigation of some of the proper- 
ties of europium activated strontium phosphates. The cathodoluminescence para- 
meters were determined in a demountable cathode-ray tube with excitation of the 
phosphor by a stationary electron beam (V = 15-17 kv, i es 107-7 a/em2). The lumi- 
nescence spectra were investigated by means of a UM-3 monochromator with the radi- 
ation being detected by a cesium oxide or a cesium-antimony cathode photomulti- 
plier. The intensity was measured by means of a cesium-antimony photomultiplier 
with a peak sensitivity at about 4300 A; the intensity values were evaluated with 
reference to ZnS:Ag, the intensity of which was taken as 100%. The decay times 
were measured with excitation by square pulses on an oscillographic set-up. 


Cathodoluminescence parameters 


The principal cathodoluminescence parameters of the europium activated 
strontium phosphates are listed in Table l. 


Table 1 


Emission Half-width of | Relative 
No. Phosphor during luminescence intensity, 
excitation band, % 


1 Sr (P03) 9: Eu Violet 1-2 
2 | B-SreP907:Eu |Violet-blue 1.0 
3 | O-SrePo07:Eu Violet 5-8 
4 Sr3 (P04) 9:Eu Blue 25-35 


The luminescence spectra of the phosphate phosphors are presented in the 
accompanying figure. Each phosphor has an individual emission spectrum in the 
form of a broad structureless diffuse band; the location of the peak Omax) and 
the half-width of this band vary with changes in the chemical composition and 
the crystal lattice of the strontium phosphate. 

In the spectra of the above-mentioned samples there were not present the 
sections of line or narrow-band emission characteristic of phosphors activated 
by trivalent rare earths.3 
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The isomorphism of Q-CagP907 

Pts and Q-SroP907 (orthorhombic lat- 

tice) is substantiated by the 
closeness of the luminescence 
spectra of Q-CapPo07:Eu and a- 
SroP507:Eu. In going from the 
former to the latter phosphor, 
the band peak \yax remains at 
4130-4150 A, but the half-width 
of the band increases from 250 
A to 430 A, 

The brightest of the in- 
vestigated phosphors proved to 
be Sr3(P04)9:Eu, the Lumines- 
cence intensity attains 25-35% 
the intensity of ZnS:Ag. 

All the europium activated 
Luminescence spectra of Eu activated strontium strontium phosphates have a short 
Phosphates: 1) Sr(P03)2:Eu, 2) B-SroP507:Eu, 3) decay time (decay to 1% intensity 

Q-SroP907:Eu, 4) Sr3(P04) 9:Eu. <10-4 sec). 


Uf amar: 
4090 4200 4490 4600 4800 5000 5200 5400 5600 
2A 


, 


Table 2 Influence of rare earth and 


heavy metal impurities 


The experiments on the ef- 
fect of coactivators were carried 
out primarily with Sr3(P04) 9:Eu. 
We introduced the nitrates of Dy3*, 
Sm3* and Tb3+, ions which are 
known to be energetic activators 
in other phosphorst and often 
accompany europium in its com- 
pounds. The results obtained are 
summarized in Table 2. 

The presence of a second 
rare earth ion, for example, Dy 
or Sm3+, in the amount of 1075 
to 10-1% does not alter the con- 
figuration and position of the 
characteristic luminescence band 
of Sr3(P04)9:Eu; however, there 
do begin to appear in addition 
sections of a narrow-band or 
line spectrum typical of tri- 
valent rare earth ions in many 
hosts. With increase in the con- 
centration of the coactivator 
the intensity of the auxiliary 
bands increases. In all the in- 
vestigated samples, however, the 
intensity of the blue europium 
band remained predominant up to 
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0 ratio of europium to the second rare earth. 
ci Gone change syidenees the configuration of the europium band in the spectra 
of Sr3(P04)29:Eu doped with terbium (Table 2) is due to partial overlapping of the 
europium and terbium spectra. 

The luminescence spectra presented in Table 2 were obtained by photoelectric 
recording. In the figure the narrow-band or line character of the auxiliary sec- 
tions of the luminescence spectra, i.e., the sections due to the Sm3t , Dy3* and 
Tb3*, is not clearly evinced. 

The variation of the luminescence intensity and decay time of Srg(P04)9:Eu 
as a function of the concentration of the second rare earth activator is shown 
in Table 2. Quenching of the luminescence begins to be evident at a concentra- 
tion of 10-4-1073% of the second rare earth. The weak quenching action of terbi- 
um is probably connected with the superposition of its emission on the europium 
band. The persistence of Sr3(P04)9:Eu phosphors begins to increase noticeably 
from a second rare earth concentration of about 1073%,. 


Conclusions 


The best of the investigated phosphors and the one holding the greatest pro- 
mise for practical application is Sr3(P04)9:Eu. Its emission color is violet- 
blue with \max = 4250 A, and its decay time is less than 10-4 sec. Its lumines- 
cence intensity amounts to 25-35% the intensity of ZnS: Ag as measured with a Cs- 
Sb photomultiplier with a peak sensitivity at ~4300 A. 

All the observations of the cathodoluminescence of Eu activated strontium 
phosphates indicate that the europium is present in these phosphors in the di- 
valent state. This is substantiated by the clear change in the position of Amax 
of the diffuse luminescence band with changes in the chemical composition of the 
base or its crystal lattice, and also by the absence of the narrow-band or line 
emission characteristic of trivalent europium. Reduction of Eu3* to Eu2* in 
strontium meta-, pyro- and orthophosphates occurs during the heating of the phos- 
phor (this is also known to be the case for calcium phosphates) and does not re- 
quire a reducing medium. Similar reduction of EuSt to Eu2* is also known to oc- 
cur in alkali halide3»4 and sulfide phosphors. 

Our measurements show that the admixture of other rare earths acts to reduce 
the cathodoluminescence parameters of the Eu activated strontium phosphates. A 
change in the luminescence spectrum is observed at a 1079% concentration of the 
second rare earth, and a noticeable decrease in brightness and increase in decay 
time begins at a concentration of 1073%. Hence for practical purposes the con- 
tent of "accompanying" rare earths in europium activated phosphate luminophors 
should not exceed 107-4%, 

I desire to express my deep gratitude to S.Ya.Gutner and E.K.Raspletina for 
investigating the cathodoluminescence parameters and to Yu.P.Kozlova for prepar- 
ing the phosphor samples. 

References 

1. V.P.Nazarova, Materialy VII Soveshchaniya po lyuminestsentsii (Transac- 
tions of the 7th Conference on Luminescence - Crystal Phosphors), Tartu, 1959. 

2. P.W.Ranby, D.N.Mesh & S.H.Hendersen, Brit.J.Appl.Suppl., No.4, 18 (1955). 

3. P.Pringsheim, Fluorescence and Phosphorescence, N.Y. , 1949. 

4. L.M.Shamovskii & Yu.N.Zhvanko, Transactions of the 7th Conference on Lumi- 
nescence, Tartu, 1959. 

So, S.A.,Fridman & V.V.Shchaenko, Ibid. 


- 325 - 


COMPREHENSIVE INVESTIGATION OF THE OPTICAL AND THERMOOPTICAL PROPERTIES 
OF POLYACTIVATED ALKALI-HALIDE CRYSTAL PHOSPHORS 
~ A.Kh.Khalilov, E.Yu.Salaev, A.P.Mamedov, T.D,Alieva & F.K.Isaev 


Investigation of the interaction of activators in polyactivated crystal phos- 
phors is important from the standpoint of development of spectral converters, i.e., 
luminophors transforming invisible to visible radiation. Comprehensive investiga- 
tion of the optical and thermooptical properties of such phosphors is essential 
for clarifying the mechanism of recombination luminescence and the structure of 
the complex luminescence centers. In the present report we give the results of 
investigation and measurements of the excitation spectra of individual lumines- 
cence bands and the spectral composition of the fluorescence, phosphorescence and 
thermostimulated luminescence of a number of alkali halide phosphors (see Figs.1 
& 2 and table). We also investigated the internal quenching of the visible and 
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Fig.2. Excitation spectra; the figures at the curves are the wavelengths of the 
luminescence band peaks. The horizontal scales in each row are the same. 


ultraviolet luminescence of the phosphors with excitation by radiation with Amax = 
= 218, 2307) 255 7ande2/2 mil. 

The phosphor single crystals were grown by the Kyropoulos technique with 
activator concentrations of 0.01 and 1 mole percent in the melt. The fluorescence, 
phosphorescence and excitation spectra and the spectral composition of the emis- 
Sion corresponding to individual glow curve peaks were investigated on a spectro- 
meter assembled by us using two SF-4 spectrograph monochromators. 

The following conclusions may be drawn on the basis of the experimental data: 

1. Cu2* ions in KCl: CuClo do not yield phosphorescence. In contrast, in 
KC1:CuCl9:AgCl and KC1:CuCl5:TICl1 phosphors in the presence of Ag+ and T1+ ions, 
Cu2t ions do phosphoresce (Fig.1, curves c, band with Amax = 400 mu). This is 
apparently due to the sensitizing influence of Ag+ and T1*+, the phosphorescence 
of which is transmitted to the Cu2+ ions and excites their sensitized luminescence. 

2. In different phosphors the fluorescence, phosphorescence and thermostimu- 
lated luminescence differ as regards spectral composition. For the low tempera- 
ture glow curve peaks of some phosphors (KC1l:Ag, KCl:Ag: Cu, KC1l:Ag:Tl and others) 
the spectral composition of all three forms of luminescence is the same, but for 
the high temperature glow curve peaks the agreement no longer obtains. Particu- 
larly great divergences are observed for KCl phosphors with the activators Cut, 
Agt + Cu2+, Pb2t + Ti* and NaCl phosphors with Sb3+, sb3t + Pp2+, cu2+ 4+ mn2+, 
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Pb2+ 4 mn2* ang Agt + Ti+, 


3. The individual glow curve peaks and the fluorescence and phosphorescence 
bands of all the investigated crystal phosphors comprise spectral bands corre- 
sponding to the activator ions incorporated in the process of crystal growth in- 
to the halide lattice at cationic sites; this substantiates the recombination 
nature of the afterglow mechanism. In the case of NaCl:Ag:Tl and NaCl:Ag phos- 
phors the short wavelength luminescence bands of the activators are contained in 
the spectra of all three forms of luminescence, while the long wavelength bands 
of the activators are present only in the second and third glow curve peaks. 

4. In the emission of KCl:Ag:Tl, KC1:Ag:Cu, KCl:Ag and NaCl:Ag there are 
observed the long wavelength (440 and 530 mu) luminescence bands of Ag, which are 
of low intensity in all three spectra. In contrast to the 280 mu band of Ag, the 
intensity of these long wavelength bands changes very little in going from the low 
temperature to the high temperature glow curve peaks. These bands are, apparent- 
ly, due to association of Agt ions with lattice defects or with other ions of the 
same type and ions of the second activator. 

5. Comparison of the peak wavelengths and widths of the same luminescence 
band (see table and Fig.1) in all three forms of luminescence shows that the mini- 
mum band width is observed in the fluorescence spectra, i.e., the phosphorescence 
and thermostimulated luminescence bands are somewhat broadened. Comparison of 
the peak wavelength \y,4, and width of the same luminescence band in the spectra 
of different glow curve peaks shows that for all phosphors \max and the lumines- 
cence band width in going from the first to the last glow curve peak, increases 
very little, except in the case of KC1:Cu:Tl, in the thermostimulated luminescence 
of which \mnax for the 305 and 400 mu bands increases by 15 mu in going from the 
first to the fourth peak. 

6. Contrary to the commonly held view, doubly and triply charged activator 
ions in general do not phosphoresce, but this is not true in all cases: our ex- 
periments showed that Mn2t , Pb2+ and Sb2+ in the NaCl lattice do phosphoresce. 

7. Comparative measurements of the fluorescence spectra excited by differ- 
ent wavelengths (230, 248, 254, 265, 275, 290 and 302 mi) and the excitation spec- 
tra of the different fluorescence bands (see Fig.2) of KCl phosphors with two ac- 
tivators: Ag + Cu, Ag + Tl, Ag + Pb, Tl + Pb and Pb + Mn, and of NaCl phosphors 
with Ag + Tl, Ag + Cu, Cu + Mn and Sb + Pb (in which as our studies showed, the 
absorption bands of the first activator overlap little or not at all with the 
short wavelength edge of the emission bands of the second activator) and the cor- 
responding single activator phosphors prepared and studied under the same condi- 
tions enabled us to establish the presence of the effect of energy migration from 
one activator center to another. Thus we established that in the enumerated phos- 
phors with excitation in the region of the absorption band of Ag with Amax = 230 
mu there is observed intense sensitized luminescence of Cu2+, T1+ and Pb2t, where- 
as in the corresponding single activator phosphors KC1:CuClo, KC1:T1C1, KC1:PbClo, 
NaC1:CuCly and NaC1:T1IC1l the Cu2t+, T1+ and Pb2* ions do not luminesce at all under 
excitation in the region of the Ag absorption band with Amax = 230 Me As will 
be evident from Fig.2, the sensitized luminescence of Cu2+, Ti+ and Pb“+ in these 
phosphors comprises all the luminescence bands of these ions (the 400 and 460 mu 
bands of Cu2t, the 310, 340 and 460 mu bands of Pb2+, etc.). We observed OS Gehan 
lar effect in Pb + Sb and Pb + Tl activated phosphors: whereas with excitation in 
the absorption region of Tl and Sb with \max = 250 mp the Pb2t ions in the single 
activator phosphors KC1:Tb and NaC1:Pb do not luminesce, in two activator phos- 
phors NaC1:Pb:Sb and KC1:T1:Pb excitation in this region (Amax = 250 mu) gives 
rise to sensitized luminescence of the Pb2+ ions; this luminescence comprises 
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all three of the characteristic emission bands of Pb2*; 315, 340 and 460 mu. 

We also observed the effect of sensitized luminescence in NaC1:Cu:Mn, NaCl: 
:Pb:Mn and KC1:Pb:Mn phosphors, the last two of which were first investigated in 
the work of Refs.2-5. In these phosphors with excitation in the absorption re- 
gion of Cu2+ with \may = 250 my and 260 mp and of Pb2- with \pay = 272 mu, there 
is observed sensitized luminescence of Mn, whereas in the case of KCl and NaCl 
phosphors containing only Mn no manganese luminescence is observed under excita- 
tion at the indicated wavelengths. 

8, In order to clarify the nature of the sensitized luminescence in the in- 
vestigated phosphors we grew and investigated under identical conditions two 
batches of KCl phosphors containing activator concentrations of 0.01 and 1 mole 
percent. The measurements showed that for the phosphors with the 0.01 mole per- 
cent activator no significant sensitized luminescence was observed. This can be 
taken as proof that the effect of energy migration between the activators in KCl 
and NaCl phosphors is not due to reabsorption of the luminescence of one activa- 
tor by the other (with the longer wavelength absorption band), for the reabsorp- 
tion should not depend on the activator concentration. Hence there is reason to 
assume that the sensitized luminescence is due primarily to resonance energy trans- 
fer between the activators. 
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ORIGIN OF THE LONG WAVELENGTH LUMINESCENCE BANDS OF ALKALI-HALIDE PHOSPHORS 
- N.I.Ivanova, L.I.Tarasova & A.P.Zhukovskii 


There is no unanimity among investigators regarding the origin of the di- 
verse luminescence bands of single activator alkali halide phosphors. Thus ac- 
cording to the model proposed by Seitz!, all the luminescence bands should be 
attributed to transitions in centers of a single type. Most investigators, how- 
ever, incline to Pringsheim's# hypothesis that there exist at least two differ- 
ent types of luminescence centers. The short-wave luminescence bands character- 
istic of low activator concentrations are usually attributed to activator ions 
located at cationic sites of the host lattice; different models are proposed for 
the centers responsible for the long wavelength bands: pair centers, activator 
ions located close to defects in the host Lattice wetc. 

For determining the nature of the luminescence centers in alkali halide 
phosphors, it is useful to compare the emission of phosphors based on different 
materials. We undertook such a comparison for alkali halide salts activated by 
Silver and thallium. We found that the number of bands and the dependence of 
the spectrum on the conditions of preparation differ greatly even for phosphors 
with close chemical properties. Inasmuch as such comparison is meaningful only 
for bands of the same nature, we felt it essential to clarify the characteristics 
of the individual bands in more detail. 

To this end we investigated the polarization of the luminescence of a large 
number of sodium and potassium halide phosphors. On the basis of the results ob- 
tained one can draw the general conclusion that in many cases the different bands 
of the same phosphor as well as the emission bands of different phosphors of 
Similar composition (for example, the visible bands of KC1:T1Cl and NaC1:T1C1) 
should be attributed to different centers. 

We also carried out comparison of the luminescence bands in the spectra of 
series of mixed base material phosphors. In such series there was realized step- 
by-step change in the composition of the base material, so that one can follow 
the transformation of the spectrum from one phosphor to the other. In general 

the changes observed in the spectra of the investigated series were complex in 
character; however, the principal regularities noted were the following: 

1. In some cases one can follow the transition of a luminescence band of 
one component in the series to the band of another. Usually, however, the band 
identified with a particular component gradually weakens and disappears, without 
giving rise to an analog in the spectrum of the second component. In some cases 
there appeared new bands not present in the spectra of the pure components. 

2. In none of the investigated series were there observed band shifts that 
could be correlated with changes in the lattice constant of the host. Even in 
the series KC1°KBr:Tl and KC1*RbC1:T1 in which the lattice constant is a linear 
function of the composition the shift of the bands was nonuniform. The observed 
changes in the spectra occurred mainly in the region of relatively low concentra- 
tions of the heavier elements (both anions and cations). A particularly strong 
effect was produced by introduction of iodine: the luminescence spectrum changed 
markedly even at an iodine concentration comparable with the activator concentra- 
tion. 

3. The behavior of the short wavelength luminescence bands was generally 
analogous to the behavior of the long wavelength bands. ; 

The results obtained, in our opinion, are consistent with the assumptions 
that a) the different luminescence bands of a given phosphor must be attributed 
to different centers and b) the centers are formations of the molecular complex 
type, involving both the base material and the activator. 
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Apparently centers of this type should be little 
sensitive to the surroundings. Possibly a regular 
host lattice is not needed for the luminescence of 
some centers, the only requirement is conditions in- 
suring the formation of the given complex (compound) 
and sufficient isolation of the centers from each 
other. We investigated the luminescence of phosphors 
activated from the surface, phosphors doped with di- 
valent metals and phosphors based on some nonhalide 
salts of the alkali metals. 

The preliminary results obtained are consistent 
with the above assumptions. For example (see figure), 
the following regularities were observed in the lumi- 
nescence of the sulfates and nitrates of alkali 
metals: when activated with the sulfate or nitrate of 
the activator, these salts either do not luminesce 
or have their own characteristic spectrum. When acti- 
vated with halide salts of the activator, there is ob- 
served an intense luminescence, the bands of which are 
close in energy to the bands of the corresponding al- 
kali halide phosphor. Introduction of small amounts 
of alkali halide (amounts comparable to the activator 
concentration) led to the formation of phosphors simi- 
lar as regards luminescence spectrum to the corre- 
sponding alkali halide phosphor and equal to it in 
brightness. Here, however, one can hardly expect 
the formation of alkali halide phosphor with an order- 
ed, typical halide lattice. 

The hypothesis that luminescence centers are 
molecular complexes is not inconsistent with the con- 
cept of pair centers or centers located on intercrys- 
talline surfaces or close to microdefects in the host 
crystal. 


Scientific Research Physical Institute, 


Leningrad State University 


References 


1. F.Seitz, J.Chem.Phys., 6, 150 (1938). 
2. E.Hirschlaff & P,Pringsheim, J.Chem.Phys., 16, 241 (1948). 


DISCUSSION 


7 N.N.Kristofel': I would like to say a few words regarding the so-called 
molecular complexes". One can speak of complexes when the forces of interac- 
tion between the activator and its nearest neighbors are much greater than the 
forces between these neighbors and the other ions of the crystal. This situa- 
tion does not obtain where the regular luminescence centers in alkali halide 
crystals are concerned. The luminescence centers in these phosphors can be re- 
garded as quasimolecules, but in an entirely different sense. Introduction of 
the activator leads to the appearance of local vibrations (the amplitude of which 
falls off rapidly with the distance from the activator), and the centers, in 
general, include all the ions participating in the local vibrations, with which 
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the activator interacts. In this sense, the "dimensions" of the center have a 


vibrational nature, and one can speak of quasimolecules in the crystal. We are 
in agreement with the opinion of F.D.Klement that the results of Ivanova can be 


understood on the basis of the usual concepts regarding centers: there is no need 
to introduce hypothetical "complexes". 


SENSITIZED LUMINESCENCE OF KC1:Pb:Mn PHOSPHOR 
- K.K.Shvarts & G.K.Vale 


In the present work, which is a continuation of our earlier investigations!, 
we consider resonance energy transfer in KCl:Pb:Mn phosphor. It is known that 
the electron transitions in Mn?* ions are quadrupole transitions and that these 
are virtually not evinced in absorption. 2 Energy transfer from Pb2* to Mn2* prob- 
ably corresponds to dipole-quadrupole resonance. 

We measured the absorption, luminescence and excitation spectra of KCl: Pb:Mn 
phosphor, as well as the quantum luminescence efficiency and its dependence on the 
excitation frequency and temperature (Figs.1l & 2). 
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Fig.1. Spectral characteristics of KC1:Pb:Mn phosphor (0.03 mole percent Pb and 
0.3 mole percent Mn in the melt): 1) absorption spectrum, 2) Pb luminescence spec- 
trum, 3) Mn luminescence spectrum, 4) Pb excitation spectrum, 5) Mn excitation 

spectrum, 6) relative quantum efficiency of the Mn luminescence. 
Fig.2. Temperature dependences of the luminescence intensities of lead 
and manganese in KC1:Pb:Mn (excitation by the 265 my mercury line). 


As will be evident from Fig.1, the excitation spectrum of manganese in KCl: 
:Pb:Mn agrees with the excitation spectrum of lead. It follows therefore that 
the energy is first absorbed by the Pb ions and is then transferred to the Mn 
jons. Inasmuch as the excitation spectra of lead in KC1:Pb:Mn and in KC1:Pb co- 
incide, it may be asserted that the presence of manganese in KC1:Pb:Mn in the 
range of low concentrations ob Pb and Mn (0.03 and 0.3 mole percent, respective- 
ly) does not noticeably affect the spectral characteristics of the lead centers. 

It was found that the quantum efficiency of luminescence of Mn with excita- 
tion in the absorption band of lead, which corresponds to the 'S,—°P, transition 
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in the Pb ions, does not depend on the frequency of the exciting light, i.e., 
Vavilov's law obtains for the sensitized luminescence of Mn2*, 

By special experiments we showed that the luminescence of Mn is also excited 
in the short wavelength absorption band of the lead centers (1S 9—1P; transition). 

We felt it would be of interest to determine how the probability for energy 
transfer from Pb to Mn ions depends on the temperature. To this end we measured 
the temperature dependences of the quantum efficiency of Pb and of Mn in KCl: Pb: 
:Mn. We found that both dependences agree with each other and with the tempera- 
ture dependence of the luminescence efficiency of Pb in KC1:Pb (Fig.2). It may 
be concluded therefore that nonradiative transitions are realized in the lead 
jionsl,2 and that the energy transfer from the Pb to the Mn ions, in agreement 
with the theory of Dexter3, occurs after attainment of equilibrium as regards 
vibrational energy between the excited lead centers and the surrounding crystal 
lattice.® 

In addition, our experiments indicate that the probability for energy trans- 
fer from Pb to Mn ions does not depend on the temperature in the range from 180 
to 430°K. This may be explained by the fact that owing to the "dense" spacing 
of the energy levels in Mn ions, variation in the luminescence spectra of the 
Pb ions with temperature does not alter the magnitude of the "overlap integral". 

Microscopic observation of the luminescence of manganese in KC1:Pb:Mn phos- 
phor showed that the luminescence of manganese occurs at special defects in the 
crystal lattice, where the concentration of lead and manganese is higher than the 
mean concentration of these elements in the crystal. This result shows that for 
some systems exhibiting sensitized luminescence an important requirement for ob- 
taining a good phosphor, in addition to realization of a solid solution, is its 
subsequent treatment in order to insure higher local concentrations of the impuri- 
ty ions (for example, high concentrations near dislocations in the lattice). 

We desire to express our deep gratitude to Ch.B.Lushchik for his guidance 
in the work. 
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DISCUSSION 


Ch.B.Lushchik: The interesting effect of sensitized fluorescence of alkali 
halide phosphors, the effect investigated by Shvarts & Vale, enabled I.V.Yaek 
(Tartu) to detect in these systems a new interesting effect, which he calls 

sensitized" phosphorescence. In NaC1:Tl:Mn crystals after excitation in the 
absorption band of T12+ there appears phosphorescence of Mn2*, this phosphores- 
cence persists for many minutes. The excitation spectrum of the Mn2* phosphor- 
escence agrees with the absorption band of Tit (\s, + 1P, transitions). The effect 


of "sensitized" phosphorescence may play a significant role in recombination 
phosphorescence of crystals. 
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CONCENTRATION AND TEMPERATURE QUENCHING OF LUMINESCENCE IN SOME SILVER ACTIVATED 
ALKALI-HALIDE PHOSPHORS 


- L.A. Rebane 


1. It is known that introduction of high activator concentrations into a 
phosphor generally leads to complication of the spectral characteristics of the 
phosphor; this is commonly attributed to the formation of more complex centers.1 
The nature of the centers forming at high activator concentrations has not yet 
been sufficiently studied, but it is obvious that the presence of such centers 
greatly complicates the processes involved in concentration quenching. In the 
present work we investigated the phosphors NaCl:Ag and NaBr:Ag, which are charac- 
terized by unlimited solubility of the activator salts in the base material. For 
comparison we took KC1:Ag, in which the limit solubility of AgCl at room tempera- 
ture is €0.2 mole percent. 

2. Investigation of the variation of the absorption coefficient as a func- 
tion of the activator concentration in NaCl:Ag and NaBr:Ag showed that the short 
wavelength absorption bands belong to centers containing one Agt (centers Ly 
while the long wavelength absorption band belongs to centers with two Ag ions 
(centers 1123). At low activator concentrations, there predominates the lumi- 
nescence spectra of these phosphors the emission band of centers I. With in- 
crease of the activator concentration, the relative intensity of the long wave- 
length band belonging to centers II rises. Upon further increase of the activator 
concentration, this band begins to predominate and its long wavelength part is en- 
hanced. The band peak shifts to the long wavelength side. Investigations of the 
luminescence spectra with excitation at different wavelengths and of the excita- 
tion spectra for different parts of the luminescence spectrum showed that we are 
dealing here with the superposition of two luminescence bands, the excitation for 
which differs. Apparently, at high concentrations there form new, different lumi- 
nescence centers (centers III). At least three different types of luminescence 
centers also form in KCl:Ag, but in this case the dependence of the spectra on 
the conditions of heat treatment of the samples comes to the fore. 

3. For all the concentration series phosphors we measured the relative quan- 
tum efficiency by determining the areas under the spectral curves. The results 
obtained for NaCl:Ag are shown in the accompanying figures (analogous curves were 
obtained for NaBr:Ag). It will be evident that the concentration behavior of the 
luminescence output depends on the excitation wavelength Nexcit and differs for 
the different centers. The constancy of the integral output (1 + No in Fig. a) 
with simultaneous decrease of the output from centers I evinced in the range of 
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Variation of the luminescence output of NaCl:Ag phosphor as a function of one 
activator concentration: a - Nexcit = Zu ‘ile b - Nexcit = 228 mu (1) and 2 
mi (2). 
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low activator concentration can be explained on the assumption of competition be- 
tween centers I and centers II as regards absorption of the excitation energy. 
The decrease of the integral output in the range of high activator concentrations 
is evidence of concentration quenching in these phosphors. At such high activa- 
tor concentrations there may obviously occur energy transfer between the differ- 
ent centers, but the decrease of the integral luminescence output may also occur 
in the process of competition with centers that are in the stage of undergoing 


temperature quenching. 


4, Investigation of temperature quenching in 


mele Ty,, °K Q, eV Cn Ag activated phosphors is complicated by the strong 
te temperature dependence of the absorption. Thus, 
0,03 | 496 1,06 | 6-400 for example, in the case of NaCl:Ag (0.03 mole per- 
0,1 499 1,04 2-1010 cent) increase of the temperature from 20 to 370° 
es pe fee me increases the area under the absorption curve by a 
2 465 0,78 3.108 factor of 3.8. Aside from the trivial correction 
for the temperature dependence of the fraction of 
*Parameter entering into adsorbed energy in the case of incomplete absorp- 
Mott's formula. tion, one must take into account the fact that even 


under conditions of complete integral absorption 

the ratio of the absorption of centers I and II will vary with the temperature, 
which, of course, will affect the temperature behavior of the quenching. This 
is particularly important in the range of high concentrations. 

The temperature quenching of centers I obeys Mott's formula. For NaCl:Ag 
we observed some change in the parameters entering into Mott's formula as a func- 
tion of the activator concentration (see table). It is not clear at present 
whether the observed decrease of Q really corresponds to lowering of the energy 
barrier for thermal activation or is only due to partial superposition of the 
emission from centers II. 

For centers I there is observed independent variation of temperature quench- 
ing, the character of which depends on by what absorption band of the centers 
the phosphor is excited. 
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DISCUSSION 


Z.L.Morgenshtern: Rebane observed a number of lumines 
activated alkali bromides and chlorides and attributed ALT theses HEAieeen eee 
containing silver. In our opinion, however, the short wavelength band is not con- 
nected with silver activator but belongs to the host lattice. The behavior of 
this band is analogous to the behavior of the ultraviolet luminescence bands of 
unactivated alkali iodides (see N.N.Vasil'teva & Z.L.Morgenshtern, Izv.AN SSSR 
Ser.fiz., 25, 47 (1961) (Trans.Bulletin, 25, 47)). 


, 
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The luminescence output in this short wavelength band falls off to zero 
with increase of the activator concentration. Such behavior is improbable for 
an activator band but is entirely natural for luminescence due to the host lat- 
tice. The luminescence yield in this band falls off with increasing temperature 
in the same was as for the short wavelength luminescence band of alkali iodides. 


LUMINESCENCE OF AMMONIUM HALIDE PHOSPHORS 
- A.Ya.Pae & L. Ya.Uibo 


Ammonium halide crystal phosphors, which were originally synthesized and in- 
vestigated by Klement! , Ivanova2 and Huniger & Rudolf3, are in many respects ana- 
logs of alkali halide phosphors. At the same time, they display a number of in- 
teresting, distinctive features, which are probably connected with the complex 
structure of the tentrahedral NH4 ion. Our investigations were concerned primari- 
ly with ammonium halide crystals activated by T1t and Sn2t, 

X-ray diffraction studies showed that NH4Cl and NH,Br form continuous series 
of substitutional solid solutions with T1Cl and T1Br. Vegard's law is fulfilled 
in these systems, i.e., the variation in unit cell dimensions is linear with 
change in the composition. The T1+ activator ions replace the NH4 ions in the 
crystal lattice. Ammonium halide phosphors can be prepared with very high acti- 
vator concentrations: luminescence is still observed at 70% thallium halide con- 
tent.4 NH4I + T1I constitute a somewhat more complex crystallochemical system.° 

The luminescence centers in ammonium halide phosphors are the activator ions: 
T1+ and Sn2+. As in alkali halide phosphorsS,8, in ammonium halide phosphors the 
individual bands in the excitation and absorption spectra can be associated with 
definite electronic transitions (1S0 — *Po,1,2. and 1$)-+1P,) in the free activator 
ions. The transition involved in luminescence is °9P-+15S). The excitation and 
luminescence spectra are largely similar to the spectra of the corresponding alka- 
li halide phosphors. 2,10 

At high thallium concentrations the spectral characteristics of ammonium 
halide phosphors become more complicated: there appear new long wavelength bands 
in the luminescence spectra, and the corresponding excitation spectra are shifted 
to the long wavelength side relative to the excitation spectra of the main cen- 
ters. There apparently exist at least two types of luminescence centers, differ- 
ing as regards the nearest neighbors of the Tl ions. No analogous complication 
of the spectra with increase of the activator concentration is observed in the 
case of activation by Sn2t (cf.Ref.11). 

In order to clarify the mechanism of luminescence in ammonium halide phos- 


-phors we measured the excitation spectra of the activator luminescence of NHg:T1 


in a wide range including the principal absorption band of the host. We found 


that the most intense luminescence is stimulated by excitation in the activator 
bands. Excitation is less effective in the exciton absorption band (“5.15 ev) 

and in the shorter wavelength absorption region corresponding to band-band transi- 
tions (5.8-6.6 ev). This indicates that in ammonium halide phosphors, as in alka- 
li halide phosphors, the absorbed energy can be transferred from the base materi- 
al to the luminescence centers by exciton and by electron-hole processes. 
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The persistent luminescence of ammonium halide phosphors is recombination 
phosphorescence, inasmuch as the luminescence centers and trapping centers as- 
sociated with the host material are spatially separated.14 

Some of the characteristics of the trapping centers in ammonium halide erys- 
tals differ significantly from the corresponding characteristics of the trapping 
centers in alkali halide phosphors: the principal absorption peak in ammonium 
halide phosphors has an appreciably width and its position is independent of the 
temperature, the host anion, etc.9:15 We assume that these distinctive attributes 
are due to the characteristics of the NH4 ions that surround the electron color 
centers. 

In contrast to alkali halide crystals, ammonium halide crystals are polymor- 
phous. Changes in the crystal lattice incident to the polymorphic transitions 
exert an appreciable influence on the luminescent characteristics of these phos- 
phors. Substantial rearrangement of the crystal lattice (change of the coordina- 
tion number from 6 to 8) is accompanied by an abrupt change in the spectral char- 
acteristics of the phosphor, 19 In the region of the low temperature polymorphic 
transition there is observed a change in the characteristics of the trapping 
centers. Thus in NH4C1:T1 at 30.8° there is a marked discontinuity in the value 
of the energy of thermal ionization of the trapping centers; this abrupt change 
in ionization energy probably explains the "cold flash" effect observed in NH4Cl: 
:T1,16,17 

Apparently, in the course of our investigations we were the first to succeed 
in observing in pure form the influence of polymorphic transformations on electron- 
hole relaxation processes. 

Detailed and extensive comparison1!® of the characteristics of ammonium halide 
and alkali halide phosphors leads to the following inferences: 

1. The characteristics and structure of the activator luminescence centers 
in alkali halide and ammonium halide phosphors are in general similar. 

2. However, the electron color centers in ammonium halide crystals differ 
in a number of respects from the F centers in alkali halide crystals. 

3. The attributes of exciton centers in ammonium halide and alkali halide 
phosphors are similar, and hence the exciton processes occurring in these two 
types of crystals are analogous. 
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DETECTION OF LATTICE DEFECTS IN ALKALI HALIDE CRYSTALS BY MEANS OF 
ELECTROLYTIC COLORING 
- V.M.Bezruchko & A.A. Shatalov 


Usually the process of coloring in alkali halide crystals is treated as 
though it occurs in an ideal crystal lattice, i.e., no account is taken of the 
influence on the color centers of different defects, which are always present 
in real crystals. 

We found that in the process of electrolytic coloring there occurs 'develop- 
ment" of different types of imperfections. At points where the crystal lattice 
is disturbed the energy for thermal activation of the ions and formation of vacan- 
cies is much lower than in the other parts of the crystal, and, consequently, col- 
or centers are formed more rapidly and in higher concentrations in the vicinity 
of imperfections. As a result of this selectivity one can "develop" the picture 
of defects in transparent solids. This pertains not only to major disturbances 
of the lattice: it is also feasible to develop very fine, minor imperfections. 

In our laboratory we have observed many cases of "development’'' by means of color- 
ing of different types of defects. Below we shall discuss one of these. 

It was established that in some alkali halide crystals, as a result of ap- 
propriate heat treatment, there are produced distinctive deformations consisting 
in the appearance of formations similar to domains in ferroelectrics. For ex- 
ample, if the crystal is heated to a temperature above 500° and then quenched to 
room temperature, the inner part of the sample fragments into a series of thin 
layers oriented parallel to the (110) and (110) planes. The thickness of these 
layers varies in the range from 0.2 to 0.4 mm in different crystals. If the 
specimen is observed in the [100] direction by means of a polarizing microscope 
these layers can be seen in the form of light and dark bands, corresponding to 
periodic alternation of birefringence. In our experiments we established the 
temperatures of appearance and disappearance of this structure; these tempera- 
tures may be likened to the Curie points of ferroelectric materials. For NaCl 
the temperature of appearance of polarization lies in the 455 to 460° interval; 
the temperature of disappearance in the 380 to 390° range. 

If a crystal with such a twin formation is colored, the different layers 
are colored differently by F centers. The twin layering is even more clearly 
evinced in the case of colloid formation; in NaCl one can realize the situation 
where the twin layers acquire alternating red and blue colors, discernible even 
in nonpolarized light (figure a). 

3 As is known, by means of appropriate heat treatment one can obtain colloids 
of different sizes, which impart different colors to the crystal. In our case 

there were obtained bands of different color, which is indicative of the presence 
of centers of different size. From this it may be concluded that in neighboring 
twinned regions the crystal lattice is in different states. There simultaneously 
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a - Colored crystal with twin formations 

observed in nonpolarized light (magnifi- 

cation 15 X); b - similar crystal observed 
between crossed Nicols. 


In measuring the absorption in an individual 


exist two modifications of the lat- 
tice; these result in different 
rates of conglomeration of the F 
centers, which leads to formation 

of "red" molecular centers in one 
set of layers and of “blue” colloids 
in the alternate layers. 

Further, it is found that the 
two lattice modifications affect not 
only the rate of coagulation but al- 
so the orientation of the new centers. 
Crystals heat treated and colored by 
the above described procedure exhibit 
birefringence when viewed between 
crossed Nichols (figure b). 

Moreover, in these crystals we 
also detected the effect of dichroism. 

twin band by means of polarized light 


there were obtained curves of different height for the two mutually perpendicular 


directions of polarization. 


Special experiments carried out with NaCl showed that the rate of conglomera- 


tion depends greatly on the presence of stat 


ic deformations in the crystal lat- 


tice. This substantiates our assumption that the twinned formations are regions 


of deformation of the crystal lattice. 


"T,.G.Shevchenko" Kiev State University 
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STRUCTURAL DEFECTS IN CRYSTAL PHOSPHORS 
- L.M.Shamovskii & A.S.Shibanov 


It was demonstrated in earlier studies!-4 that the spectrum of additional 
absorption and the luminescence spectrum of alkali halide phosphors are determin- 
ed by the activator ions connected with structural defects. In these studies, 
however, the character of the defects involved was not elucidated. In order to 
bring out the nature of these disturbances we used the method®»6 of decoration 
of dislocations in the volume of the crystal and the method of selective etching 
of the crystal surface. The observations were carried out on KC1:Ag and NaCl:Ag 
phosphor crystals grown by the Kyropoulos technique. 

Usually the dislocation structure of crystals is investigated in connection 
with plastic deformation®-8., In contrast, we tried to bring out the structural 
defects of the crystal lattice connected with introduction of activator impuri- 
ties. Hence the investigated samples were first carefully annealed near the melt- 
ing point and then cooled to room temperature at a rate not exceeding 1 degree 
per min. 

The decoration of dislocations was effected by additive coloring of the crys- 
tals held at 650-700° for several days, followed by slow cooling. The selective 
etching was carried out on fresh cleavage surfaces with glacial acetic acid. 

The results of our studies showed that 1) etch pits on the crystal surface 
correspond to rows of dislocations in the volume, decorated by chains of colloid- 
al metal particles, and 2) the density of single dislocations and the dimensions 
of the dis-oriented mosaic blocks do not depend on the activator concentration 
in the crystal. In well-annealed samples the mean block size lies in the range 
from 200 to 500 microns. The density of single dislocations not connected with 
block faces depends on the heat treatment of the crystal. As a result of anneal- 
ing it is reduced by 3-4 orders of magnitude. 

The coarse dislocational substructure of phosphors cannot be satisfactorily 
reconciled with the concept of dual distribution of activator and with the idea 
that the luminescence is localized at structural disturbances of the lattice. In 
particular, one cannot by the presence of such structure explain the high conver- 
sion efficiency of scintillators under excitation by ionizing radiation, inasmuch 
as the length of the elementary displacements of the carriers in alkali halide 
crystals is appreciably less than the dimensions of the observed blocks. In con- 
nection with this we undertook an attempt to determine whether there is present 
in alkali halide phosphors a finer defect structure in addition to the coarse 
mosaic. 

Such submicrostructure was observed under high magnifications in additively 
colored crystals with a higher activator concentration. The fine defect struc- 
ture was evinced in the form of numerous fine activator metal particles distribu- 
ted throughout the volume of the crystal (see figure). Segregation of the acti- 
vator in the form of the pure metal incident to decoration of the fine defect 
structure cannot be regarded as a result of reduction of the silver from AgCl - 
separation of the silver into an independent phase owing to decomposition of the 
solid solution - inasmuch as in our experiments we used crystal phosphors in which 
the activator concentration did not exceed the limit of solubility (the maximum 
AgCl concentration was 0.1 mole percent in the KCl crystals and 1.6 mole percent 
in the NaCl crystals. 

The above-mentioned two types of defects are characterized by qualitative 
differences. The coarse dislocation structure appears incident to plastic de- 
formation of the crystals under the influence of thermal and mechanical stresses. 
It undergoes changes as a result of high temperature annealing. The fine defect 
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structure, on the other hand, does 
not change under the influence of 
mechanical and thermal factors and 
persists even in well-annealed crys- 
tals. Apparently, this submicro- 
structure is connected with some 
specific intrinsic characteristics 
of the crystal phosphors, connected 
with the dual distribution of acti- 
vator. The fine defect structure is 
not brought out by selective etching 
of the crystal surface. 

At present it is difficult to 
give a precise definition of these 
microdefects. It may be assumed that 
the submicrostructure is formed in 
crystal phosphors either by a three 
dimensional network of dislocations 
or by a fine mosaic structure con- 
sisting of weakly disoriented blocks 
with dimensions of the order of 1-5 un. 


Micrograph of submicrostructure in the Activator impurities on struc- 
volume of an additively colored NaC1l:AgC1l tural defects form deep electron 
(0.4 mole %) crystal. traps. Hence incident to additive 


coloring they are reduced to atoms 
and acquire an effective negative charge. The metallic particles increase in 
size in the process of thermolysis.* 

The colloidal silver particles forming in the phosphor bring out the defect 
structure that existed prior to the additive coloring. 

During excitation of the crystal phosphor these activator trapping centers 
on defects localize electrons and form "'atomic’’ centers. By virtue of their ex- 
cess negative charge they are effective recombination centers. The energy re- 
leased in the process of electron-hole recombination is evinced in the form of 
luminescence having a wavelength characteristic of the given phosphor. 

Inasmuch as there exist in phosphors two different types of structural de- 
fects - a coarse and a fine mosaic - there are evinced activator excitation and 
luminescence centers of two types. ? 
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DISCUSSION 


Ch.B.Lushchik: Comparing the inferences drawn in the reports of Shamovskii 
& Shibanov and Gindina it may be concluded that the views of Shamovskii's group 
have approached the views of the Tartu school. Whereas at the Fifth Conference 
on Luminescence Shamovskii considered films of the activator salt on the surface 
of the crystal to be responsible for luminescence, and at the Seventh Conference 
he attributed the luminescence to activator complexes studding the surface of 
mosaic blocks, in today's report the luminescence centers are identified as acti- 
vater particles located in a three-dimensional network of dislocations. It must 
be emphasized that in coming to this view the authors reject the concept of crys- 
tal phosphors as surface activated systems of the adsorbate type. There can be 
no doubt that impurities interact with dislocations. The possibility of decora- 
tion of the volume network of dislocations has been convincingly demonstrated in 
the work of Dutch physicists,of Gindina, and the present study of Shamovskii & 
Shibanov. This, of course, does not mean that activator particles located at 
regular lattice sites cannot absorb light and luminesce. This assertion, repeat- 
ed by the authors in the present report, appears to me to be completely unfounded. 
Of course, activator particles located at dislocations can also absorb light and 
luminesce. 

In the work of Gindina, which was presented at the Conference on the Physics 
of Alkali Halide Phosphors (Tartu, 1959), it was shown that the block boundaries 
in typical crystals are not the points of preferential distribution of lumines- 
cence centers. This is indicated by the convincing data on the uniform distribu- 
tion of luminescence in crystals. Only in special cases, as in the case of sensi- 
tized luminescence, does the emission have a complex point topography. 

So far it has not proved feasible by microscopic examination to show that 
the luminescence is or is not localized at the volume dislocation network. There 
are, however, indirect proofs in favor of nonlocalization in Gindina's report. 

I hope that by the time of our next conference someone will be able to furnish 
direct proof that absorption and luminescence is realized both by activator ions 
at regular sites and in the region of dislocations, and that the points of view 
of Shamovskii and of the Tartu physicists will thus be reconciled. [In this con- 
nection it might be of interest to investigate the behavior of dislocation-free 
crystal whiskers. 

i Also promising is the comprehensive investigation of the relation between 
luminescence centers of different types and activator trapping centers Be nels 
and electrons, initiated by Gindina. From the data obtained so far it follows, 
for example, that x-irradiation and optical bleaching of phosphors ohh Gan ss 
a large number of new luminescence centers and electron trapping centers. e 
such eet does not affect the dislocation structure and changes only the 
number of point defects in the crystal lattice, which, in our opinion, serves as 

inescence and trapping centers. 
7 eee eons decoration of defects in crystal phosphors alone is 
not sufficient to infer that luminescence centers are localized at structural dis- 
turbances of the lattice, but in the framework of our other Aoete sees: ae al 

ions are significant. They substantiate our conclusions regarding the dua 
eat a activator in phosphors and the fact that the defect structure of 
phosphors is not healed by annealing. Activator impurities distributed over the 
submicrostructure give rise to deep trapping levels for electrons, which are not 
released from these traps by heat. Bleaching of these centers is feasibie only 
by recombination with holes. The same "atomic’ centers appear incident to REO 
tation of the phosphors. It was established in our laboratory that during addi- 
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tive coloring of NaCl:Ag and KCl:Ag not more than 10% of the silver is reduced. 
Nevertheless, as a result of this treatment the crystals completely lose their 
characteristic luminescence. This indirectly proves that the Ag ions at the 
lattice sites do not form recombination centers. 

We have no reason to reject the hypothesis of formation of complex compounds 
of the activator with the ions of the host lattice at structural defects. On 
the other hand, the concept of complexes "studding" the surface of the blocks 
should not be attributed to us. 

The results of our work differ radically from the investigations Of ROIs 
Gindina. She brought out only the coarse mosaic, which appears mainly as the 
result of decomposition of supersaturated solid solutions. The defects brought 
out in our studies apparently exist regardless of the method of decoration. One 
cannot count on visual means for bringing out the local distribution of lumines- 
cence centers, particularly if one bears in mind the presence in crystal phosphors 
of submicrostructure that is not eliminated by annealing. 


DECORATION OF DISLOCATIONS AND ACTIVATOR DISTRIBUTION IN 
UNSTABLE ALKALI HALIDE PHOSPHORS 
- R.I.Gindina 


In recent years a number of investigators!-3 have advanced the hypothesis 
regarding the predominant role in the luminescence of alkali halide phosphors 
played by luminescence centers and electron traps located at the boundary of mo- 
saic blocks. In the present work we made an attempt to check this hypothesis 
experimentally. 

Our ultramicroscopic investigations of unstable NaC1-PbCl9g, KC1-CuCl, KCl- 
AgCl and KBr-Au solid solutions after different heat treatments showed that the 
colloidal particles of the impurity salt after annealing at high temperatures 
segregate and accumulate at dislocations on the surface of blocks, and after 
heating at low temperatures are localized in the volume dislocation network. 

Fig.1 shows a micrograph (focal plane inside the crystal) of a KCl:AgCl (7 
mole percent in the melt) phosphor heated for 10 min at 700°C and then cooled 
slowly over a period of 8 hours to 300°. If such a decorated crystal is again 
heated to 700°, quenched to room temperature and subjected to decomposition at 
230° for 1 hour, it is found that 
the impurities decorate the three 
dimensional locational network 
(Fig.2 - magnification 120 x, 
scale 0.015:1). Similar results 
were obtained for the NaCl: PbClo 
system. 

Inasmuch as under conditions 
of high temperature annealing the 
impurity is segregated over the 
entire volume of the crystal, it 
may be inferred that in quenched 
Fig.l Fig.2 NaCl1-PbCl5 and KC1-AgCl crystals 
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Ae = the blocks, the dimensions of which in this case are of the 
aes . . mm, are not the regions of preferential location of the acti- 
echt ead significant that annealing of NaCl1-PbCly and KC1-AgC1l 
; ing in accumulation of the impurities on the surface of the blocks, 

does noe lead to increase of the activator absorption and luminescence. 

Microscopic investigations by means of an ultraviolet microscope with magni- 
fications of 100 X and 600 X showed that the luminescence of KI:T1I and KC1:CuCl 
phosphors is uniformly distributed throughout the crystal lattice. There is no 
discrenible localization of the luminescence in the region of the block boundar- 
ies. 

As a result of plastic deformation by compression (40-70%) of KC1-T1Cl, KI- 
Til, KBr-In and NaCl-PbCly crystals, leading to increase in the number of disloca- 
tions by several orders of magnitude, the activator absorption of the crystals, 
reduced to the new thickness, virtually does not change. 

The results of all these experiments do not agree with the hypothesis that 
the activator ions responsible for the absorption and luminescence are distribu- 
ted over the block boundaries.1!»2 

We showed that as a result of plastic deformation of KC1l:AgCl (0.3 mole per- 
cent in the melt) crystals there are created in the phosphor new luminescence 
centers (centers II) the absorption bands of which peak at 226 and 236 mu. Exci- 
tation in these bands stimulates luminescence with Ana, = 350 mu. Centers of 
this type also appear as a result of x-irradiation and bleaching of unstrained 
crystals. The trapping of electrons at these centers in the process of x-irradia- 
tion significantly weakens the luminescence of centers II. In the process there 
form new atomic centers with Amax = 228 mu and Aya, = 436 mu; these centers have 
been investigated by Etzel & Schulman? and Rtas 

All these data are consistent with the concept’,8 of centers II as activator 
ions located next to point defects of the crystal lattice (in this case probably 
next to anionic vacancies). 

In view of the uniform nature of the blue luminescence (observed at magnifi- 
cations of 100 X and 600 X) of x-irradiated KC1:AgCl phosphor with excitation at 
228 mu, it may be inferred that the trapping centers in this phosphor are not acti- 
vator ions located on the surface of the mosaic blocks but activator ions located 
at the lattice sites. 

In some cases, however, the block boundaries and the Cottrell? circumdisloca- 
tion clouds may play a significant role in the luminescence. For example, in the 
case of Batali Mas phosphor after annealing we observed enhancement of the lumi- 
nescence of the Mn ions near the block boundaries and along the glide bands 
consisting of groups of dislocations. This is probably connected with the fact1l0 
that there built up near the defects the enhanced local concentrations of Pb2t 
and Mn2* ions necessary for realization of sensitized luminescence. 
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ELECTRON DIFFRACTION STUDY OF THE INFLUENCE OF GASES ON THE STRUCTURE 


OF SUBLIMATED LAYERS OF ALKALI HALIDE SALTS 
- A.A. Khaav 


Klement and his co-workers!»2 established that layers of a base material 
and activator deposited by successive vacuum sublimation transform under the in- 
fluence of air, oxygen and fluorine into phosphors. Other gases (No, Ho, water 
vapor, etc.) do not have this effect. In some systems after admission of fluo- 
rine there is observed intense recrystallization in the sublimated layers (ap- 
pearance of dendrites). 

The purpose of the present investigation was to determine whether recrystal- 
lization of sublimated layers also occurs under the influence of air and oxygen 
and what significance this recrystallization has in the process of phosphor for- 
mation. Our experiments were carried out with potassium, cesium and thallium 
halides. 

The electron diffraction patterns were recorded by means of a Rumsh3 elec- 
tron diffraction camera. In order to determine the influence of the gaseous 
medium on the structure of the sublimated layers (200-300 A thick) electron dif- 
fractions patterns of the same layers were recorded immediately after sublima- 
tion in vacuum and then again after exposure of the layers to the chosen gaseous 
medium. 

If in the course of recrystallization the crystal size increases, the pro- 
cess is evinced by decrease in the half-width of the interference rings on the 
diffraction patterns. 4 The results obtained show that under the influence of 
normal (undried) air there does occur recrystallization of the layers: the di- 
mensions of the crystallites increase as will be evident from the following table. 


Mean size of crystallites, A 


Immediately after 
sublimation 


After exposure 
to air 


Potassium halides (200) ; (220) 100-140 


Cesium halides (110) ; (211) 100-150 


Thallium chloride (110) ; (211) ~150 


- 347 - 


In the case of potassium halides there is observed formation of texture; 
‘the crystallites are oriented with the (002) face parallel to the substrate. 
grain orientation was observed in the case of cesium and thallium halides. 

We investigated the following double layers: KCl + T1Cl, KBr + T1Br, CsCl + 
+ TIC1, CsBr + TIBr, CsCl + T1I and CsI + T1I. We exposed these layers to dry 
and moist nitrogen, dry and moist oxygen, and dry and moist air. 

It was found that recrystallization of the layers occurred only in the pres- 
ence of moisture. Inasmuch as according to Klement! water vapor does not facili- 
tate formation of luminescing systems from sublimated layers, the observed re- 
crystallization of the two layer films under the influence of moisture should not 
lead to the formation of a phosphor. At the same time the substantial changes in 
the structure of the layers in the process of recrystallization should facilitate 
introduction of the activator into the base material. The absence of luminescence 
may be explained by the quenching effect of water vapor. 


I desire to express my gratitude to F.D.Klement for discussion of the re- 
sults. 


No 
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* 
KINETICS OF THE LUMINESCENCE OF PHOSPHORS WITH SEVERAL TYPES OF TRAPS 
- V.V. Antonov-Romanovskii 


When there are present in a phosphor electron and hole traps of several 
types, in addition to the process of recombination, there also PCcunes as a rule, 
the process of redistribution among the traps of the charges divided incident to 
excitation (retrapping). The simultaneous presence of two processes greatly com— 
plicates examination of the kinetics of phosphorescence, inasmuch as the descrip- 
tive equations are nonlinear and of complicated form. Actually, however, the 
situation is often not as hopelessly complicated as might appear at first glance. 

The nonlinearity of the kinetic equations is due mainly to nonlinearity of 
the recombination process, inasmuch as in principle, each electron can recombine 
with any hole and vice versa. The process of redistribution of charges among 
traps of both signs is also nonlinear owing to the effect of saturation, i.e., 
owing to the fact that the number of free traps depends on the concentration of 
the separated charges. 

However, such "double" nonlinearity in most cases reduces to a second order 
factor owing to the de-exciting action of the exciting light, which hinders 
storage of a large light sum in the phosphor. As a result the traps are filled 
only partially, so that the effect of saturation can virtually be neglected. 
Moreover, since in most cases the relative concentration of separated charges 
is small compared to the concentration of traps, the probability for recombina- 
tion proves to be appreciably lower than the probability for retrapping. This 
allows of further simplification of the kinetic equations. 

By virtue of the fact that in the process of excitation, as a result of a 
number of different factors, the charges are distributed among the traps of dif- 
ferent types in a manner not consistent with thermal equilibrium, at the first 
stages of decay or build-up of luminescence there occurs mainly the process of 
redistribution of charges among the traps - usually from shallower to deeper 
traps. As long as this process dominates over the process of recombination, the 
kinetic equations are approximately linear and hence readily solved. The nonline- 
ar process of recombination can be taken into account by the method of perturba- 
tions. 

The descriptive formulas are particularly simple if the probabilities for 
release of charges from traps of different types differ greatly, while the dif- 
ference between the other trap parameters is relatively minor. Then in the first 
approximation the process of motion of charges in the case of decay occurs as 
follows. 

Initially the source of free charges of both bands are the shallowest traps 
of both signs. Then as the traps empty and equilibrium is attained between the 
population of the traps and the population of the respective bands, i.e., as the 
traps come to return as many charges to their respective bands as they capture, 
the sources ''supplying'’ both bands become the deeper traps; this process continues 
until it is the "turn" of the deepest traps of one sign or the other. At this in- 
stant the process of redistribution of charges of this sign among the traps ceases, 
and the process of recombination of these charges begins to predominate. At this 
potnbethe kinetics as a whole stops being linear, but by virtue of the fact that 
the distribution of the charges of one sign among the traps does not vary with 
time, i.e., is constant, the nonlinear equations can be integrated. 

In the case of build-up of luminescence, during its initial stages, the prob- 
lem also proves to be quasilinear (the linear homogeneous equations for decay are 


*Review of the investigations described in Refs.1l. 
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supplemented by a constant term taking into account excitation), but, in contrast 
to decay, the linearity may cease before the deepest traps come into play. This 
critical instant arrives when recombination removal of charges from some traps 
(not necessarily the deepest ones) begins to dominate over nonrecombination re- 
moval (release of charges). In this case in going to the later stages of build- 
up of luminescence the problem proves to be appreciably more complicated inasmuch 
as only part of the electron and hole traps (the shallower ones) are in equili- 
brium with their band. However, at the late stages of build-up, when the excita- 
tion conditions become steady, the kinetics can again be analyzed to the end. 

In the case of steady excitation it is feasible to divide the traps of dif- 
ferent depth into two groups: thermotraps and recombination traps. The first 
group is formed by the shallower traps, which are in detailed equilibrium with 
their band and virtually do not interact by recombination with the other band. 
The second group is formed by the deeper traps, which do not return the charges 
captured from their band but yield them by recombination to the other band. In 
this case there is no detailed equilibrium; rather the role of these traps reduces 
to that of an “overflow chamber" that fills and empties, inasmuch as the equili- 
brium becomes cyclic in character. Virtually all the separated charges proved to 
be concentrated in recombination traps. 

This division of the electron and hole traps into two groups depends both on 
the temperature and on the intensity of the exciting light. With heating or with 
decrease of the light intensity, the number of types of traps in the first group 
obviously increases, while that in the second group decreases accordingly. In 
the limiting case there remain in the recombination group only the deepest traps 
of one sign. In the case of cooling or increase of the light intensity the op- 
posite situation obtains. 

One of the important consequences of linearity of the kinetics during the 
initial stages of de-excitation is the fact that the decay curves for a phosphor 
with a complicated system of traps is at first approximately the sum of the cor- 
responding exponential curves. The thermostimulated luminescence curves also 
are characterized by kinetics of the first order, and only the curve associated 
with release of charges from the deepest traps is characterized by kinetics of 
the second order. The fact that the thermostimulated luminescence curves can 
follow kinetics of the first order is mathematically equivalent to the results 
of Randall & Wilkins2, who however, unjustifiably neglected the effect of retrap- 

ing. 
aie In exactly the same way the initial stages of build-up of luminescence can 
be represented in the form of a sum of exponential, essentially independent pro- 
cesses. 

An entirely unique situation is realized in the case of steady luminescence, 
It is found that with increase in intensity of the exciting light or with cooling 
of the phosphor the concentration of separated charges increases step by step as 
the successive thermolevels transform to recombination levels. If such a trans- 
formation is undergone by an electron level, the concentration of electrons on 
all the other electron trapping levels decreases somewhat, but so that the total 
concentration of all trapped electrons still increases, in the same way as the 
concentration of holes on any type of recombination levels. If such a transition 
is undergone by a hole level, there is obtained the same picture, but with the 
roles of the electron and hole traps interchanged. 

Thus it follows from the above that if the electron and hole traps differ 
appreciably as regards the release probability but in other respects are less 
different, then provided there is fulfilled the condition of not excessively 
strong excitation, the kinetic of phosphorescence even in the presence of traps 
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of many types can be calculated approximately. 

On the other hand, in the presence of several types of traps of both signs, 
the probability is great that some of them will differ very appreciably not only 
as regards the release probability but also as regards other parameters. This 
can lead to results differing greatly from those inferred above. In practice 
there may be a great number of different "particular" cases, i.e., many differ- 
ent deviations from the norm; for example, there may be great differences as re- 
gards trap concentration, degree of filling of the traps, or, if the traps are 
close in depth, they may differ appreciably as regards other properties; in other 
cases one must distinguish between the properties of thermal and optical elec- 
trons and holes. Moreover, there may simultaneously occur two or more deviations 
from the norm. Owing to the great number of such possibilities there is no sense 
in trying to discuss all of them; we can restrict our consideration to specific 
experimentally observed cases (or some particularly interesting results). 

Some years ago, Tolstoi® turned his attention to certain effects observed in 
zine sulfide phosphors, effects which presumably could not be explained on the 
basis of the ordinary semiconductor model of a phosphor. First among these was 
the superlinear initial rise with time of excitation of photoconductivity and, 
second, quadratic dependence of the steady photoconductivity as a function of the 
exciting light intensity. Tolstoi, accordingly, proposed his original "two-step" 
theory4 which was supposed to explain these unique effects on the basis of assump- 
tions significantly differing from those commonly accepted and based on the modern 
band model for semiconductors; for example, Tolstoi postulated that the probabili- 
ty for recombination of a free electron does not depend on the concentration of 
ionized centers: 

It was found, however, that even such exceptional regularities can be inter- 
preted on the basis of the semiconductor model with three levels, for example, 
with two types of electron and one type of hole levels. 

If it is assumed that the exciting light transfers mainly electrons from the 
filled band to deeper electron traps, the growth of photoconductivity, provided 
its hole component is negligibly small, will be superlinear. It is immaterial 
whether the electrons are ejected from traps thermally or optically; what is im- 
portant is that the lifetime of the electrons in the "supplying" traps be greater 
than in other traps. 

The same semiconductor model for phosphors also allows of explaining the 
quadratic dependence of the steady photoconductivity as a function of the inci- 
dent light intensity E, if it is assumed that the electrons from the deeper traps 
are ejected by the exciting light and from the shallower traps only partially by 
the light. Then the concentration of electrons in shallower traps will be pro- 
portional to E, and the component of the photoconductivity due to ejection of 
electrons from these traps by light will be proportional to E2. Although such 
electrons will amount to a minor fraction of the total number of electrons, owing 
to their greater energy, their contribution to the photoconductivity will be de- 
cisive. It is known, for example, that the effective mass of a low energy elec- 
tron (polaron) may be two or more orders of magnitude greater than the effective 
mass of a high energy electron® and therefore its contribution to the conductivi- 
ty will be much smaller. 

The band model also allows of explaining the fact that the superlinear ini- 
tial growth of photoconductivity and the quadratic dependence of the steady state 
photoconductivity on the incident light intensity are observed only in a certain 
temperature range. 

Let us now turn to another interesting effect which can arise when two types 
of traps differ little as regards depth. Calculations show that for a certain 
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relationship between the parameters of these two sorts of traps, when at the ini- 
tial instant of de-excitation the entire light sum is once tee in the traps 
for which the probability for retrapping is much lower than for the traps of the 
other sort, the luminescence curve will behave in an extraordinary manner. Under 
isothermal conditions the luminescence can at first build up (3) instead of decay- 

tng monotonically with time, while under conditions of thermostimulation the half- 
width of the thermoluminescence peak in the presence of traps of two types may be 

appreciably smaller (!) than the'natural" width of the peak when only one type of 

traps is present. 

This concludes our consideration of some of the regularities that may be de- 

duced on the basis of the band model of crystal phosphors. Although this does 
not exhaust the great possibilities latent in the band model it should be obvious 


that if properly and thoughtfully utilized this model is capable of explaining 
many effects. 


"P.N. Lebedev" Physical Institute, 
Academy of Sciences of the USSR 
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DISCUSSION 


N.A.Tolstoi: Antonov-Romanovskii proposes for explaining some important 
characteristics of photoconductivity a model which he calls the "simple model 
with three levels’. He affirms that this model illustrates the possibilities for 
interpretation that are latent in the band model and which have hitherto been 
neglected. He refers to the band model, particular cases of which he considers, 
as the "ordinary" model, in some cases, and as the "modern" model in others. 
Antonov-Romanovskii attributes development of the two-step theory to failure to 
utilize the possibilities of the band model. I must emphatically state that in 
contrasting the "model with three levels'' proposed recently with the two-step 
model developed and described by me earlier, Antonov-Romanovskii must be labor- 
ing under a misapprehension. 

Actually, fundamental to the two-step model is the assumption that the first 
act of absorption of light transfers the electron to a local level. This is what 
serves to explain all the paradoxical superlinear effects. Actually, Antonov- 
Romanovskii in his model repeats the same assumption. There are two alternatives 
according to the two-step theory (in its published version) as regards the further 
history of the electron excited to the first level. The electron may be transfer- 
red into the conduction band optically or thermally. Superlinear increase of 
_ photoconductivity with time is obtained in the case of both optical and thermal 
further excitation. It is entirely natural that Antonov-Romanovskii, having re- 
peated the initial assumption of the two-step theory, obtained the same consequence, 
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namely, the possibility of explaining the superlinear increase in sepeerronr er 
ty. True, he introduced an additional trapping level but this resu s in i y 
small change in the form of superlinearity. If this third level is removed, super- 
ity still remains. ; 
aed ria ive ceeet theory, assuming the second transition to be optical, obtains 
superlinearity of the steady photoconductivity. If the second transition is 
optical-thermal, the superlinearity will be very weak. If the second transition 
is purely thermal, superlinearity vanishes. Having repeated the initial assump- 
tion of the two-step theory, Antonov-Romanovskii again obtains its consequences , 
that is, he offers an explanation for the superlinearity of steady photoconducti- 
vity. True, he tries to make the second transition mixed: optical-thermal, appar- 
ently, with a minor optical component. In order to retain strong superlinearity 
he suggests that optical electrons are two orders of magnitude better current 
carriers than thermally released electrons. It is significant that the optical 
part of the second transition in Antonov-Romanovskii's model is entirely unneces- 
sary. Without the optical transition no superlinearity is obtained. This is ex- 
plained by the fact that Antonov-Romanovskii's model is the same two-step model 
"diluted" by thermal transitions and extra, unnecessary levels. 

Antonov-Romanovskii presented his report as an illustration of the omissions 
in utilizing the possibilities of the band theory. As we see, these omitted pos- 
sibilities are possibilities of utilizing the two step theory, that is, its basic 
assumption regarding the primary transition of an electron to a local level. In- 
asmuch as the concept of such a primary transition to a local level is not any- 
thing exceptional in the band model, at least in its "modern" version which takes 
into account excitons, the rebuke regarding failure to utilize the possibilities 
of the band model for explaining superlinearity should be addressed not the the 
proponents of the two-step theory but to Antonov-Romanovskii himself, for the 
two-step theory was described in print many years before Antonov-Romanovskii re- 
peated the two-step theory in distorted form. 

In conclusion I want to say that I note with great satisfaction the closer 
approach of the views of Antonov-Romanovskii and myself. This makes it all the 
more desirable to clear up the misunderstanding I spoke of. 

Ch.B.Lushchik: In connection with the questionof the reasons for the super- 
linear effects observed in zinc sulfide phosphors I would like to note the impor- 
tance of investigating these effects under different excitation conditions. In 
Tartu, G.Liid'ya and I.Yaek investigated the kinetics of optical flash stimulated 
in the F absorption band while producing different elementary excitation in alkali 
halide phosphors. With excitation in the activator absorption bands the kinetics 
is monomolecular. Quasimonomolecular kinetics obtain in the case of electron-hole 
excitation as well. However, with excitation in the exciton absorption band there 
are observed clearly pronounced superlinear effects, which are evidence of the bi- 
molecular character of the kinetics. It should be noted that the character of 
the interaction of excitons with point defects is such that the electron (or hole) 
after dissociation of the exciton and trapping of the hole (or electron) at a de- 
fect moves through the crystal at a very high velocity and has time to migrate to 
a great distance from its partner. A consequence of this is bimolecular kinetics. 
In case of delocalization of the impurity excitations the electron and hole are 
localized near the impurity ion that gave rise to then. 

At first glance the monomolecular character of the processes involved in 
band-band transitions appears surprising. It is possible that in this case there 


are produced slow electrons and holes that do not have time to migrate far from 
each other. 
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EFFECT OF THE SIZE OF NATURAL AND CRUSHED CRYSTALS ON THE LUMINESCENCE 
OF ZINC SULFIDE PHOSPHORS 
- V.L.Levshin & B.D.Ryzhikov 


The strongest effect of mechanical crushing of zinc sulfide phosphor crys- 
tals is decrease of their luminescence intensity. It is held! that the princi- 
pal reason for decrease in luminance is decrease of the crystal size and, conse- 
quently, increase of the light scattering by the particles. 

In order to study the influence of crystal size and mechanical crushing on 
the optical properties of crystal phosphors we first divided our phosphor samples 
into fractions according to degree of dispersion (grain size). One of the frac- 
tions was then subjected to mechanical crushing and the resultant powder was 
again divided into fractions. Thus for each investigated phosphor we obtained 
fractions of crushed and uncrushed crystals with the same degree of dispersion. 

I Fig.1 shows the variation in luminance of an in- 
finitely thick ZnS:Sm phosphor layer under steady ex- 
citation as a function of the particle size for natural 
(uncrushed) and crushed crystals. In the case of un- 
crushed crystals strong decrease in luminance is ob- 
served only in the region of small grain size. The 
curves for crushed crystals are complex in character: 
at first there is a rapid decrease in luminance, then 
the brightness changes very little and finally it falls 
off rapidly. It follows from the present results and 
from those of experiments with zinc sulfide phosphors 
of other composition that the grain size dependence of 
the luminance is greatly affected by the wavelength of 
Fig.1. Variation of the the exciting light and by the composition and technolo- 
luminance of ZnS:Sm phos- gy of the phosphor. In addition, the shape of the lumi- 
phors with the particle nance vs size curves depends on the temperature of 
size for natural (1) and measurement and the intensity of the exciting light. 


0,4 


10 20 liye 


crushed (2) crystals. Comparison of the curves reproduced in Fig.1 with 
Solid lines for excita- the theoretical dependence of luminescence brightness 
tion at 365 mu; dashed on grain size2 showed that one cannot explain the de- 

lines for excitation at crease in brightness merely by increased light scatter- 
312 mu. ing. For uncrushed (natural) crystals the difference 


between the experimental and theoretical curves is ap- 

parently due to differences between the structure of the luminescence and trap- 
ping centers in crystals of different size; this is indicated by the difference 
between their luminescence spectra, glow curves, brightness vs temperature curves, 
etc. The Debye diffraction patterns for natural crystals of different size are 
virtually identical, which means that the crystals are free of distortions of the 
crystal lattice and that the phase composition is the same in crystals of differ- 
ent size. 

In order to determine the character of the structural changes occurring as 
a result of grinding we recorded Debye diffraction patterns for a number of crush- 
ed fractions. With decrease in particle size there is observed disappearance of 
the far lines, weakening and broadening of the diffraction lines, and some in- 
crease in background intensity. All this indicates that grinding results in de- 
velopment of internal deformations. However, the relation between the Debye line 
broadening and the change in line intensity is not consistent with the relation 
between Debye line broadening and the luminescence intensity of the phosphor. 
This indicates that not all deformations lead to decrease of luminance: the lumi- 
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nance is reduced only by lattice deformations that af- 
fect the luminescence and trapping centers and the mech- 
anism of energy transfer. 

Deformation of the lattice in the vicinity of an 
activator ion results in disturbance of the symmetry of 
the lattice field at that point, which should lead to 
change in the shape of the potential curves for the up- 
per and lower states and, consequently, to change in 
the luminescence spectrum. When the upper and lower 
state potential curves intersect there develops quench- 
ing inside the luminescence centers, the magnitude of 
which is strongly dependent on the temperature. Experi- 
ments showed that crushing results in a significant 
change of the luminescence spectra, and that the change 


Fig.2. Energy diagram is the greater, the greater the decrease in luminance. 

for an undeformed (a) That internal quenching is an important factor in crush- 
and a deformed (b) ed_crystals is also indicated by the enhanced sensitivi- 
phosphor crystal. ty of crushed crystals to variation in temperature even 


in the region of low temperatures. 

If we take into account the fact that the decrease in the thermal light sums 
stored in the phosphor is greater than the decrease in intensity under steady ex- 
citation, it may be concluded that in addition to internal quenching, external 
quenching increases in crushed crystals. Apparently, incident to deformation of 
the crystals there appear regions wherein nonradiative electron-hole recombina- 
tion becomes possible. Such regions may be dislocations. That the number of dis- 
locations in crushed crystals is greater is indicated by the decrease of photo- 
conductivity. 

In addition, there may occur quenching in connection with direct transitions 
of trapped electrons into the normally filled band. Experiments show that defor- 
mation has a strong effect on the trapping levels: it alters the depth of the trap: 

Assuming in the first approximation that the change in the trap depth is pro- 
portional to the change in the width of the forbidden energy band, it follows from 
the glow curves that the width of the forbidden band is reduced by 0.3 ev (Fig.2). 
This result is based on rough calculations and naturally requires further checking. 

Thus the significant factor involved in the alteration of the diverse lumi- 
nescence properties of crystal phosphors as a result of crushing is plastic de- 
formation. The decrease in luminance is connected with increase of both external 
and internal quenching in plastically deformed crystals; there is reason to infer 
that internal quenching plays the predominant role. 


Department of Optics, Physics Faculty, 
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DISCUSSION 


A.M, Gurvich: We carried out the following simple experiment which substanti- 
ates the validity of the views of Levshin and Ryzhikova on the reason for the 
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decrease in brightness of phosphors as a result of grinding. A coarse grain 
(mean grain size ~30 i) ZnS*CdS:Ag phosphor, prepared by heating at 1200°, was 
ground in a porcelain mortar for ~15 min. This did not produce any significant 
change in the granulometric composition. Yet the photoluminescence brightness 
iMnax = 3650 A) was reduced by a factor of 10, while the roentgenoluminescence 
brightness (err ~ 0.6 A) decreased only 50-60%. Increase of light scattering 
in the phosphor as a result of grinding or increase of the absorption by the 
activator segregated into an independent phase should have had the opposite ef- 
fect (greater decrease of the roentgenoluminescence as compared with the photo- 
luminescence) , inasmuch as x-rays excite a thicker layer. Obviously, the reason 
for the observed effect lies in the formation of quenching centers at deforma- 
tions produced by the grinding. In excitation by x-rays the electron concentra- 
tion in the conduction band is higher than in photoexcitation owing to the fact 
that incident to interaction of x-rays with the phosphor material there are rais- 
ed into the conduction band electrons not only from the upper filled band but also 
from deeper levels. As a result, the rate of recombination of electrons with 
holes trapped on activator levels increases, and, accordingly, the probability 
for migration of holes to quenching centers decreases. 


KINETICS OF LUMINESCENCE OF ZnS:Cu WITH EXCITATION BY ALPHA-PARTICLES AND 
SHORT LIGHT PULSES 
- T.P.Belikova & M.D.Galanin 


Decay of Q-scintillations in ZnS:Ag phosphors have been investigated by a 
number of authors (see, for example, Ref.1). Search of the literature shows that 
no such studies for ZnS:Cu phosphors have been made, although it is known that in 
the case of both these phosphors the duration of scintillations produced by Q- 
particles is short compared with the duration of photoluminescence. 

The purpose of the present work was to compare the kinetics of Q-scintilla- 
tion with the kinetics of photoluminescence of ZnS:Cu phosphor. For photoexcita- 
tion we used a condensed spark in air between iron electrodes (V = 6 kv, C = 700 
pf). The light pulses had a duration of 0.5 microsec and a repetition rate of 
about 10 per sec. The phosphor was excited through a UFS-2 filter Qtrans = 300- 
400 mu); the effective energy of each pulse amounted to about 3 ergs per ~0.025 
em?, The luminescence was detected by means of an FEU-29 photomultiplier coupled 
to a DESO-1 oscillograph. The curves characterizing the decay of the blue and 
green Q-scintillations of ZnS:Cu (phosphor FK-106, Coy = 7°10-5 g/g, heating tem- 
perature 1140°C) are shown in Fig.1. In what follows, however, we shall give only 

the results for the green band. 

Analysis of the decay of Q-scintillations of the phosphor showed the follow- 
ing: 1) the decay curve is virtually independent of the temperature: in the range 
from -150 to +200° there was no noticeable change in the shape of the decay curve; 
2) the observed short term scintillation represents only the initial part of the 
decay. Calculation of the number and intensity of the scintillations and compari- 
son with the mean emission brightness showed that in the decay range to 10% the 

maximum intensity only about 5% of the stored light sum is emitted (cf.Ref.2). 

It was found that with gradual increase of the energy density with excitation 
by light pulses there begins to be evinced a short term decay process, the ampli- 
tude of which increases superlinearly with increase of the excitation intensity. 
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Fig.3. Decay of the green 

band of ZnS:Cu at differ- 

ent photoexcitation densi- 

ties and decay of the 

stimulating light pulse 
from the spark. 


different temperatures. 


As in the case of Q-scintillations, the initial sec- 
tion of the decay curve is weakly dependent on the 
temperature (Fig.2), and the light sum emitted in 

the process amounts to not more than 15% (at the 
highest intensity) of the steady luminescence energy 
as indicated by the mean photomultiplier current. 
Thus this short term process* has some traits in com- 
mon with Q-scintillation. 

However, the duration of this process is at least 
ten times greater than the duration of the scintilla- 
tion process; it is doubtful whether with further in- 
crease of the light pulse energy this duration could 
be reduced to the level of the scintillations: our ex- 
periments show that with decrease of the excitation 
density the initial part of the decay curve changes 
very little (Fig.3). 

Thus the difference between the kinetics of 
scintillation and the kinetics of photoluminescence 
cannot be attributed simply to the influence of the 
excitation density (cf.Ref.4). The luminescence in- 


: : d 
tensity can be described by I=—Z=pN, where nis the concentration of ionized 


centers, p is the recombination probability, and Vis the concentration of elec- 
trons in the conduction band. In the investigated process n changes little (not 
more than 5-15%) and hence can be regarded as virtually constant. Hence the rela- 


dl te aN, 
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Ewe! — is determined by change of Vas a func- 


“dt Nascae 


*This short term process was apparently observed in the work of Vinakurov et 
als, but contrary to the inference of these authors it cannot be characterized by 
a single constant T inasmuch as the decay is essentially nonexponential. 
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tion of ¢. The weak temperature dependence shows that, contrary to what usually 
happens, in this case JN (t) is not controlled by thermal release of electrons (or 
holes) from traps. It may be assumed that the initial change of JN (t) is deter- 
mined by diffusion of electrons towards the ionized centers, accompanied by short 
term trapping of the electrons in very shallow traps. If this is the case it is 
possible that the difference between the kinetics of scintillation and photolumi- 
nescence depends on the influence of the electric field that is produced along 
the OQ-particle tracks (see, for example, Ref.5), if the ejection of electrons 
and holes is different. Rough evaluations show that the electric field along an 


Q-particle track as compared with the field of an ionized center® can accelerate 
the recombination process by a factor of ~10. 
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EFFECT OF HYDROSTATIC COMPRESSION ON THE SPECTRAL CHARACTERISTICS OF 
ALKALI HALIDE PHOSPHORS 
- Ya.Ya.Kirs & A.I.Laisaar 


Earlier!,2 we investigated the effect of pressure on the spectral character- 
istics of alkali halide phosphors activated by mercury-like ions and europiun. 

On the basis of the results obtained we came to the conclusion that in these phos- 
phors the equilibrium separation between the ion activator and its nearest anion 
neighbors is smaller in the excited state than in the ground state. 

In the present work we investigated the effect of hydrostatic compression on 
the spectral characteristics of alkali halide phosphors activated by copper and 
manganese. 

The luminescence spectra of Cu activated phosphors at atmospheric pressure 
and at 6000 atm are shown in the accompanying figure. It will be seen that this 
pressure produces a 0.6 + 0.005 ev shift to the shorter wavelength side of the 
luminescence bands of NaC1:Cu, KC1:Cu and KBr:Cu and of the short wavelength band 
of KI:Cu. It was found that the magnitude of the shift increases virtually line- 
arly with pressure. The shift of the long wavelength luminescence band of KI:Cu 
is ~0.13 ev. We investigated the effect of pressure on the long wavelength exci- 
tation band of copper activated phosphors mainly in the case of KBr:Cu. Compres- 
sion of this phosphor shifts the peak of the excitation band (Eas = 4.72 ev) 
some 0.03 ev to the short wavelength side. At the same time the width of the band 


increases. 


= 308 = 


In the case of the 
manganese activated phos- 
phors we observed shift of 
b the luminescence band to 
the side of longer wave- 
lengths under hydrostatic 
pressure. Thus, for ex- 
ample, the emission band 
of KC1:Mn:Pb (Enay = 1.87 
ev) shifts to the long wave- 
length side 0.015 ev with 
increase of the pressure 
from atmospheric to 4700 
atm. 

One can attempt to ex- 
plain the short wavelength 
shift of the emission bands 
of Cu activated phosphors 
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close excited states (see 
Ref.1). However, these shifts can also be understood from the standpoint of the 
theory proposed by Johnson & Williams?, One need only assume that in Cu acti- 
vated phosphors the equilibrium separation between the activator ion and its 
nearest neighbors in the excited state is greater than in the ground state. Un- 
fortunately, the small short wavelength shift of the excitation band of KBr:Cu 
cannot serve as an argument in favor of this assumption owing to the nonelementa- 
ry nature of this band: the short wavelength shift of the peak of this band may 
be due simply to redistribution in the relative intensities of its individual 
components. 

From the standpoint of the Johnson-Williams theory the long wavelength shifts 
of the emission bands of the Mn activated phosphors indicate that in these phos- 
phors the minimum of the potential curve corresponding to the excited state of 
the luminescence centers is shifted relative to the minimum of the curve corre- 
sponding to the ground state to the side of lower values of the configuration co- 
ordinate (see, also, Ref.6). 

We compared the pressure induced shift of the spectral characteristics of all 
the investigated phosphors with the behavior of these characteristics in the cor- 
responding homologous series. To this end we calculated the relative, i.e., per 
unit change of the lattice constant, shift of the emission and excitation bands 
both under the influence of hydrostatic pressure and in going from one member of 
the homologous series to the next. It was found that in phosphors activated by 
copper and mercury-like ions the pressure produced relative shift is at least 2-3 
times greater than the shift in the homologous series, while in the phosphors 
activated by europium it is at least an order of magnitude greater. We believe 
that the relatively small value of the spectral shift in the homologous series is 
due to the fact that the interionic separations in the luminescence centers of 
phosphors with the same activator differ appreciably less than the lattice con- 
stants of the corresponding base materials. The structure of the centers is 
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determined by the activator ion. 

also investigated the effect of pressure on the excitation and lumines- 
ectra of ZnS:Cu phosphors with different activator concentrations It 

blished that the excitation spectra of these phosphors are shifted 0.03 
the phosphor is subjected to hydrostatic pressure of 6000 atm. Thiseis 
connected with increase in the width of the forbidden energy band with 
of the interionic separation. The values of the shifts to the short 


wavelength side of the luminescence spectra of ZnS phosphors with Coy = 1076 


2.64 ev), 10-4 (Ena, = 2.28 ev) and 1073 &/g (Emax = 2.39 ev) are 0.06, 


0.035 and 0.035 ev, respectively. 
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INVESTIGATION OF PHOTOELECTRIC POLARIZATION OF ZINC SULFIDE PHOSPHORS 


1 


- I.K.Vitol & 1.A.Tale 


In investigating the mechanism of recombination in crystal phosphors, in 


addition to optical measurements, it is expedient to use electric methods design- 
ed to determine the polarity of the excited current carriers. Under certain con- 


ditions 


the method of photoelectric polarization! can be used for determining 


not only the polarity of the current carriers but also the ratio of the electron 
and hole components in the case of mixed conductivity. 2 


Zs 
tors3-95, 


Surface states have a strong effect on the photoeffect in semiconduc- 
The presence of surface levels can affect both the magnitude and polari- 


ty of the experimentally determined photoelectric polarization in crystal phos- 


phors. 


However, a number of theoretical considerations and experimental facts 


indicate that owing to the specific characteristics of crystal phosphors! »2, un- 
der certain conditions (excited conductivity much greater than the equilibrium 
conductivity) the surface levels have no significant influence on the polarity 
and magnitude of the photoelectric polarization. 


3. 


Light in the region of the fundamental absorption of ZnS phosphors acti- 


vated by Cu, Ag and Mn excites n-type conductivity. The magnitude of the p compo- 


nent of 


the conductivity at room temperature is generally below the level of ex- 


perimental sensitivity, i.e., amounts to less than 5% of the total conductivity 
(see, also, Refs.2 & 6). 


4, 


With excitation of ZnS:Cu phosphor by steady X = 312 my light the photo- 


electric polarization attains a stationary value equivalent to the potential dif- 


ference. 


Then when auxiliary light in the region from 350 to 1150 mu is switched 
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Variation of the prompt @p) 
and lagging (1) components 
of the photoelectric polar- 
ization (in kT/e units, T= 

= 293°K) and the relative de- 
crease in luminescence AI/I 
as a function of the auxili- 
ary illumination wavelength 
for ZnS:Cu phosphor under 
continuous excitation by »% 
= 312 mu light producing © 
= 11 kT/e units. For com- 
parison the figure also shows 
the spectrum of additional 
absorption AD/D,, according 
to the data of Antonov- 
Romanovskii & Shchukin. @ 
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on, simultaneously with quenching of the lumines- 
cence, the photoelectric polarization drops rather 
rapidly to Mp, and then slowly increases to 9]. 
The variation of ®p and 9; as a function of the 
wavelength of the auxiliary illumination is shown 
in the accompanying figure. The figure also shows 
the decrease in luminescence intensity AI/I and 
the increase in absorption AD/D,g of the excited 
ZnS:Cu phosphor, according to Antonov-Romanovskii 
& Shchukin’, The decrease of the photoelectric 
polarization in the 500 mu and 800 mu auxiliary 
excitation regions may be due to the following 
(and/or other) factors: 1) the infrared light re- 
leases holes, which recombine with trapped elec- 
trons, and thus reduces the electron concentra- 
tion in the conduction band; 2)the infrared light 
releases holes, and the photoelectric polarization 
decreases owing to diffusion of the holes to the 
side of the unilluminated surface of the specimen. 
The absence of the effect of decrease of the photo- 
electric polarization with auxiliary illumination 
in the 1150 mu region shows that the quenching of 
luminescence in this region differs from the mech- 
anisms of quenching with auxiliary illumination 
in the 500 and 800 mu regions. 

We desire to express our deep gratitude to 
Ch.B.Lushchik for his interest in the work and 
valuable discussions. 
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DIELECTRIC CHANGES IN ZnS:Cu:Fe PHOSPHOR DURING THERMOSTIMULATION 
- P.E.Ramazanov 


Using the procedure described earlierl, we investigated the change in con- 
ductivity, C, and the dielectric loss tangent, tan 8, of a capacitor filled with 
ZnS:Cu:Fe phosphor in the process of thermostimulation. Prior to heating the 
phosphor was excited to the equilibrium state and allowed to decay for 20 min at 
the initial temperature To. Simultaneously with the measurements of A tan 5 and 
Ac (the increments of tan 8 and C,respectively) we measured the glow intensity I. 

% The temperature dependences of I, 

A tané* 109 AC. pf A tan 8 and AC obtained with Tp = 219K & 
f= 2.94 Mc are shown in the accompanying 
figure. It will be seen that both A tan 
5 = f(T) and AC = f(T) have clearly pro- 
20 3 é 42 nounced maxima. In all cases the maximum 
of A tan 8 precedes the AC maximum (see 
table); the position of the glow peak (I = 
= f(T) maximum) as a rule does not coin- 
cide with the position of either of these 
maxima. With increase of the frequency 
the A tan 8 and AC maxima shift to the 


vat mob, 0 side of higher temperatures. 
I50 400 1,°K Hitherto there has been no satisfac- 
Thermostimulation of ZnS:Cu:Fe phos- tory explanation for the interrelation be- 
phor from Ty = 219°K (heating rate tween the temperature dependences of I, 
0.23 degree/sec) and the accompanying AC and A tan 8. The model of an inhomo- 
dielectric changes observed at f = geneous dielectric with one component 
= 2.94 Mc. having a varying conductivity is not suit- 


able, inasmuch as according to this model 

the position of the AC maximum is determined only by the temperature variation of 
the conductivity and should not depend on the frequency of the measuring field. 
; We attempted to give a qualitative explanation of the temperature dependences 
of AC and A tan § on the basis of the assumption that the photodielectric effect 
in the phosphor is due to multiple localization (retrapping) of the electrons, 
oriented by the external field.} 

Considering the case of a simple phosphor with trapping levels of one depth 
U and using the familiar2 relation defining the concentration of trapped electrons 
in the process of thermostimulation, one can, on the basis of the general theory 
of relaxation dielectric losses? and on the assumption that A tan § and AC are 
connected with the proposed mechanism of supplementary polarization of the excited 
phosphor, deduce the following approximate equations: 
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gq is the electron charge, x is the 
separation between neighboring elec- 


Position of peaks, OK tron traps, 1s the angular fre~ 
Tok j= eps oes quency of the measuring field, v is 
I A tané AC Soe the intrinsic frequency of oscilla- 
| tion of a trapped electron, no is 
455 902-108 206 178 17 5 the concentration of trapped elec- 
150 | 2,82-10° Teall ABO | 240) 2 trons at Tg, and «. is the dielec- 
157 2,94-108 199 243 258 a : 4 
149 | 969-108 197 27) 985 5 tric constant of the phosphor as 
determined solely by processes 
Otel 10 ale get 223 246 ! rapidly attaining equilibrium. 
240 | 282-105 | 246 227 258 8 esoeeh 4 S aeoneee en 
219 | 2,94-108 252 263 275 7 The inhomogeneity o e di 
215 9, 69-108 255 268 293 4 electric medium (phosphor) filling 


our capacitor, as calculations show, 

should greatly deform the temperature dependence of A tan 6 and AC pertaining only 
to the phosphor without, however, changing the position of the AC maximum and only 
slightly shifting the A tan 8 maximum to the side of lower temperatures. This 
does not allow of comparing relationships (1) and (2) with the experimental rela- 
tionships as a whole, but does allow of evaluating, from the maxima of I and AC, 
the frequency v of the natural oscillations of a trapped electron; we determined 
this earlier! from the frequency shift of the AC maximum for the case of steady 
excitation. 

From the condition for the maximum of I, namely, dJ//dT = fi (*U, Tm, g) = 9, 
knowing U and 7,,,;, one can determine the parameter g, and then from the conditions 


for the maximum of AC, namely, d(AC)/dT = f2(U, Tm, g, b) = 0, one can determine the 
parameter 4 and, consequently, v. The resultant equations for ¢ and / are of the 
form 7 
ill e-saes 
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Calculations yielded a mean value of 4+1012 sec-1 for v (see table) , which 
agrees within the limits of the determination error with the value vy = 3-1012 
sec”! obtained by us earlier. In the calculations, in accord with the results 
obtained in determining the depth of the electron traps from the glow curves and 
the activation energy for the photodielectric effect under conditions of steady 
excitationl, we assumed U = 0.3 ev. 

In our opinion the obtained agreement between the values of v indicates that 
one can explain the dielectric changes occurring in the phosphor during thermo- 
renee by means of the earlier proposed mechanism for the photodielectric 
effect. 
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DISCUSSION 


E.B.Aleksandrov: Use of a Q meter for investigating the photodielectric ef- 
fect is limited by the low accuracy of this instrument (particularly in the range 
tan 5 > 0.02) and the long measuring time. 

We developed two types of set-ups free of these shortcomings, by means of 
which one can investigate the photodielectric effect in terms of the increments 
of the components of the complex dielectric constant €. The principal component 
of the set-ups is an ac bridge supplied from a symmetric oscillator. The investi- 
gated capacitor is connected into one arm; the other arm is the balancing arm. 
Prior to measurements the bridge is balanced. When the specimen is excited an 
unbalance voltage appears in the bridge diagonal; the components of this voltage 
are proportional to the increment in the € components. In the first type of set- 
up the amplified unbalance voltage is applied to a synchronous detector. By ap- 
propriate phasing of the reference voltage, one can completely discriminate one 
of the voltage components. Then the other component is determined by means of a 
Suitable instrument. To extend the frequency range into the region of higher fre- 
quencies we had recourse to frequency conversion of the signal taken off the bridge 
diagonal and of the reference voltage. This set-up has been used in the frequency 
range from audiofrequencies to 20 Mc and proved capable of detecting capacitance 
increments equal to 0.01% of the initial ~100 pf capacitance. The time resolution 
at high frequencies was 5°1073 sec. 

In the second type of set-up for recording one of the voltage components the 
signal off the bridge diagonal is added linearly to a voltage much greater in 
amplitude than the last, but coinciding in phase with the component being recorded. 
As a result of addition, the amplitude of the higher voltage undergoes an incre- 
ment equivalent to the increment of the detected component multiplied by a con- 
stant factor. Further treatment of the signal reduces to detecting and measuring 
the de voltage increment. This set-up has a working frequency range from 100 ke 
to 20 Mc; the measurement accuracy is 0.1% at an initial capacitance of ~100 pf. 
The time resolution is ~10-4 sec. This second set-up is appreciably simpler in 
design, but is characterized by lower accuracy and necessitates imposing more 
rigorous requirements on the stability of the oscillator and regulation of the 
supply sources. 
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TEMPERATURE DEPENDENCE OF THE ROENTGENOLUMINESCENCE AND DARK CONDUCTIVITY 
OF YAKUTSK DIAMONDS 


- K.N,Pogodaev & E.S.Vilutis 


There are no references in the domestic literature on investigations of the 
electric conductivity of diamonds excited by x-rays, and there are only scanty 


data on the roentgenoluminescence spectra. 


gations is obvious. 


Yet the importance of such investi- 


As regards crystal characteristics, the diamond samples investigated by us 
could be divided into two groups: group I - perfect twins of the spinel type 
(octahedra flattened to a tetrahedral plate); group II - imperfect flattened 
twins of the spinel type (faces sculpted with shield-like growth layers, edges 
of the triangular plates bent, curvature positive). 

The principal purpose of the experiments was to determine the temperature 
dependence of the electric conductivity with a view to evaluating the activation 


energy for appearance of current carriers. 


The current was measured by means of 


a vacuum tube voltmeter in the process of heating the samples at a constant rate 


of 0.48 degree/sec in the temperature range from 50 to 350°. 
an unexcited diamond are shown by curve 1 in the accompanying figure. 
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Temperature dependence of the dark con- 
ductivity of diamonds: 1) unexcited dia- 
mond, 2) x-irradiated diamond of group 
I, 3) x-irradiated diamond of group II 
(scale increased by 10), 4) diamond of 
group I irradiated for 25 hours, 5) dia- 
mond of group I irradiated for 1000 hrs, 
6) same diamond after annealing at 350°. 


Typical results for 
At tempera- 
tures above 220° the temperature depend- 
ence of the conductivity is exponential 
in all cases. The current carrier acti- 
vation energy values for different sam- 
ples, as determined from the slope of 
the log o = FAIZT? plots lie in the 
range from 2.05 to 2.82 ev. This scat- 
ter must be attributed to variation in 
the specific properties of the indivi- 
dual specimens. 

Next we investigated the conducti- 
vity of x-irradiated specimens. Typi- 
cal results obtained for diamonds of 
group I are shown by curve 2 in the ac- 
companying figure. It will be seen 
that as a result of x-irradiation the 
conductivity increases substantially in 
the temperature region below 200° and 
attains a maximum value at 180°. This 
maximum is observed in the curves for 
all specimens. In the case of diamonds 
of group II, after x-irradiation, in 
addition to the maximum at 180°, there 
appears another conductivity maximum at 
about 110°, After heating to 350° all 
these conductivity maxima disappear. 
With subsequent irradiations and heat- 
ings the conductivity maxima reappear 
and disappear in the same way as in the 
initial cycle. 

As was noted above, diamonds of 
group II differ from the others by a 
lower degree of perfection of the crys- 
tal shape. If this indication, which 
is indicative of "difficult" conditions 
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of growth, is connected with internal disturbances of the crystal structure, 
these Specimens should have a greater number of defects than specimens of group 
I. In investigating the roentgenoluminescence it was established that these 
Specimens also differ from the others by a brighter luminescence; moreover speci- 
pens of group II store a substantial light sum during x-irradiation, whereas 
specimens of group I do not store any significant amount of energy. 

The carrier activation energies in the x-irradiated diamonds of group I 
proved to be 1.44 and 2.64-3.07 ev. The activation energy values for diamonds 
of group II were 0.96, 1.40 and 2.27-2.78 ev. The activation energy for raising 
carriers from the deepest level in an x-rayed diamond is always greater than prior 
to x-irradiation. 

Further experiments on measurements on the conductivity of diamonds exposed 
to the radiation from T1204 showed that the conductivity goes down with increase 
of the radiation dose (curves 4 and 5) and returns to its initial value after an- 
nealing (curve 6). These effects are connected with formation of pairs, presun- 
ably consisting of a vacant site and an interstitial atoml,2, and indicate that 
the low temperature conductivity in the investigated diamonds is of the n-type. 3976 

As was established earlier’, the roentgenoluminescence spectra of diamonds 
comprise two independent bands: a blue band and an orange one. In view of the 
arbitrary variation of the intensity of these bands, it may be inferred that in 
diamonds of group II there are present luminescence centers of two types, each 
of which is responsible for one of the luminescence bands. Inasmuch as in thermal 
de-excitation of each band there are evinced two peaks at different wavelengths, 
it must be inferred that in each of the two types of luminescence centers there 
are "utilized" electrons from two different trapping levels. 

Under excitation by x-rays electrons from the conduction band are partially 
localized on trapping levels, from which, when the appropriate activation energy 
is supplied, they can rise to the excitation levels of the luminescence centers. 
The mean values of the excitation energy obtained from the thermostimulation 
curves are 0.42 and 0.64 ev for the blue band and 0.36 and 0.80 ev for the orange 
band. 

’ Thus one may infer that in diamonds of group II there are present two kinds 
of trapping levels, the depth of which below the conduction band is 0.96 and 1.40 
ev, as determined from the experimental log o = f(1/T) plots. In addition, there 
are distributed through the crystal luminescence centers of two types. If we as- 
sume that the depth of the excitation levels of these crystals is 0.60 ev for the 
orange band and 0.55 ev for the blue band, it may be inferred that the trapping 
levels serve as sources of electrons for both processes. In the process of heat- 
ing of the specimen part of the electrons rise into the conduction band, result- 
ing in conductivity, while other electrons that find themselves in the proximity 
of luminescence centers go to the excitation levels in these centers, subsequent- 
ly giving rise to luminescence that is more or less monomolecular in character. 


"A A, Zhdanov' Irkutsk State University 


References 

1. R.Fletcher & W.Brown, Phys.Rev. ,92,585 (1953). 

2. W.Brown, R.Fletcher & K.Wright, Phys.Rev., 92,591 (1953). 

3. J.Cleland, J.Crawford & D.Holmes, Phys.Rev., 102,722 (1956). 

4, 0.Curtis, J.Cleland, & J.Crawford, J.Appl.Phys., 29,722 (1958). 

5. F.Stochmann, E.Klontz, J.Mackay, H.Fan & K.Lark-Horowitz, Z.Phys. ,153,331 
(1958). 

6. J.Crawford & J.Cleland, J.Appl.Phys., 30,1204 (1959). 

7. E.Vilutis, Izv.AN SSSR, Ser.fiz., 23,1379 (1959). (Trans.Bulletin, 23,1365.) 


- 366 - 


LUMINESCENCE OF THALLIUM CHLORIDE SINGLE CRYSTALS 
- N.A.Tolstoi & V.A.Sokolov 


We investigated the spectral composition and intensity of the luminescence 
of thallium chloride single crystals grown in our laboratory and subjected to the 
influence of different factors. In all cases the emission was excited by 365 mu 
light at liquid nitrogen temperature. During the measurements the specimens were 
maintained in an atmosphere of pure helium. 

Our experiments show that thallium chloride may have three luminescence bands: 
1) a blue band peaking at ~460 mu (Fig.1, curve 1), 2) an orange band with a peak 
near 620 mp, and 3) a dark red band peaking in the region of 740 my (cf.Refs.1-3). 

The thallium chloride single crys~- 
“| tals luminesce blue immediately after 

growth. The orange band appears after 
plastic deformation of the specimen 
(Fig.1, curve 2). The dark red band 
is brought out by heating of the speci- 
mens in an atmosphere of pure helium 
(Fig.b, curve 3): 

Prolonged exposure of the speci- 
mens to ultraviolet (365 mu) at ten- 
peratures below -150° does not notice- 
ably affect the luminescence. On the 
other hand, illumination with the same 
ultraviolet at higher temperatures leads 
to decrease in intensity over the en- 
tire spectrum. The blue luminescence 
is quenched more rapidly than the long 
wavelength luminescence (Fig.1, curve 
4). Measurements of the variation of 
the luminescence intensity I at the 
peak of the blue band with exposure 
time to X = 365 mi light showed that 


700 600 900 


A, 
Fig.l. Luminescence spectra of thallium 
chloride after different treatments. 


I decreases with increasing t accord- 
ing to the hyperbolic law: I = I,/(1 + 
+ At), where I, is the initial intensi- 
ty, and A is the constant that depends 


on the temperature and the ultraviolet intensity. 

Concurrent measurements of the transmission of 436 mu light by the crystals 
showed that the transmission after exposure of the sample to 365 mu ultraviolet 
does not change noticeably (Fig.2); consequently, the observed weakening of the 


luminescence cannot be explained by some sort of "filtering" effect. 


The decrease 


in intensity as a result of exposure to ultraviolet is a reversible process: if 
the exposed specimen is held in the dark the initial luminescence is virtually 


completely restored. 
ture. 


The rate of regeneration increases with increase of tempera- 


It may be reasonably assumed that the blue luminescence centers are structur- 


al defects in the thallium chloride lattice. 


The orange luminescence band Qmax = 


= 620 mu) appears as a result of development of mechanical defects (dislocations) 


in the crystal, which is in agreement with the hypothesis advanced by Gobrecht & 
Becker2, The dark red band, presumably, develops as a result of impoverishment 


of the crystal as regards chlorine, owing to volatilization of this element during 


«Fig.2. Variation of the luminescence 
spectrum of and transmission of the 
436 mu mercury line by a thallium 
chloride single crystal at liquid nitro- 
gen temperature after illumination of 
the crystal at room temperature with 
% = 365 mu light: 1 - prior to exposure, 
2- after first 5 sec exposure, 3 - 
after second 5 sec exposure, 4 - after 
third 5 sec exposure. 


heating. Possibly, the electron left behind 
by the volatilized chlorine atom occupies its 
place and forms an F center. 


410 436 450 500 A, mp 
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CONCERNING THE MECHANISM OF EXCITATION AND DE-EXCITATION OF RECOMBINATION 


LUMINESCENCE OF ALKALI HALIDE PHOSPHORS ; 
- Ya.A.Valbis, I.K.Vitol & V.E,Zirap 


1. Relaxation processes in excited alkali halide crystal phosphors are com- 
plex in character, and their nature is still obscure.1,2 In the present work we 
used the procedure of comprehensive investigation of the thermostimulated current 
and thrmostimulated luminescence and of the thermoluminescence spectra, a proce— 
dure that has certain advantages in investigating complex processes in alkali 
halide phosphors. All the measurements were carried out on the "relaxation com- 
bine" set-up described in Ref.3. 

2. Investigation of the thermostimulated current and thermostimulated lumi- 
nescence of nonactivated and thallium activated KCl and KBr crystals excited by 
x-rays showed that in the temperature region from 110 to 340°K a thermostimulated 
current peak corresponds to each thermostimulated luminescence peak. This is 
direct substantiation of the assumption made earlier®»° and then verified by opti- 
cal methods6-8 that the afterglow in crystal phosphors is predominantly recombi- 
nation phosphor escence. 

3. It can readily be shown that in the case of a relaxation process of one 
polarity the luminescence intensity / is related to the conductivity o by the 
simple expression 


aN 
ee} 
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where p is the concentration of holes in the recom- 
bination centers, § is the probability for recombi- 
nation of a free electron with a trapped hole, 7 is 
the luminescence output appearing as a result of 
recombination, e is the charge of an electron and 
wis the electron mobility. In the case of a hole 
recombination mechanism, the above definitions of 
the quantities entering into Eq.(1) one should 

read "hole" instead of "electron" and vice versa. 
Experimental measurements of J//o can yield results 
characterizing the change in the mechanism of the 
many-step relaxation process. If, for example, in 
a given time interval there are ionized trapping 
centers of one polarity and different depth and 

the recombination occurs at the same recombination 
centers, //s will decrease in direct proportion to 
the concentration of recombination centers. In 

0 150 200 250 300 T,°K case of change of the polarity (sign) of the re- 
combination process, //o may change appreciably, 


I, arbsunits 


Fig.1. Temperature depend- inasmuch as other values of Y and B come into ef- 

ences of the luminescence fect. 

intensity I (a), the thermo- 4. In the case of KC1:Tl there are evinced at 
stimulated current j (b) and least two temperature regions of gradual decrease 

the ratio I/j (c) for x- of the ratio //o (Fig.1): the first region extends 


irradiated (Cu anode, 50 kv, from 110 to 190K (probably the region near 240°K 
12 ma, 0.5 hrs) KC1:T1(0.2 is connected with it). Possibly the recombination 
mole percent) phosphor heat- mechanism is of opposite polarity in the two re- 
ed at the uniform rate of gions; if this is the case, then according to the 
0.15 degree/sec. data of Refs.9 & 10, the second region corresponds 
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to the electron recombination mechanisn, 
and the first to the hole recombination 
mechanism, which is in agreement with the 
data of Refs.11-13. 

5. Changes in the recombination mech- 
anism may affect the luminescence spectra 
as well; this is substantiated by experi- 
ment. Fig.2 shows the variation with tem- 
perature of the luminescence intensity of 
the long wavelength band of thallium (3.4 
ev) and of the 2.5 ev and 3.0 ev bands of 
KBr:T1(0.5 mole percent). As in the case 
of crystal phosphors of other composition, 
a particular group of bands predominates 
in each thermostimulated luminescence peak. 


100 150 200 250 900 350 400 T.K In the roentgenoluminescence and thermo- 
stimulated luminescence spectra of deliber- 

Fig.2. Temperature dependences of ately nonactivated crystals, as in the 
the intensities of different lumines- spectra of activated crystals, there ap- 
cence bands (peaks at 2.6, 3.0 and pear the following bands: KBr - 2.6 ev and 
3.4 ev) of KBr:T1(0.5 mole percent) 3.0 ev, NaCl - 2.5 ev and 3.0 ev, and KCl 
crystals: a - roentgenoluminescence - 2.7 ev. The nature of the luminescence 
(measured while cooling the crystal), centers responsible for these bands is un- 
b - thermostimulated luminescence known (see, also, Refs.14-16). 
(heating rate 0.2 degree/sec). The authors desire to thank Ch.B. 


Lushchik for helpful discussions and I.I. 
Lielpeter for assistance in the work. 
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INVESTIGATION OF THE EFFICIENCY OF RECOMBINATION LUMINESCENCE OF 


ALKALI HALIDE PHOSPHORS 
hoe I.V.Yaek 


For purposes of comprehensive investigation of nonisothermal relaxation pro- 
cesses we developed equipment which we call a "relaxation combine’ and by means of 
which one can simultaneously record curves characterizing the variation of bleach- 
ing x, thermostimulated luminescence I and thermooptical emission J, for the same 
phosphor specimen as a function of temperature (for more details see Ref.1). 
Hitherto, these different characteristics were usually recorded separately (see, 
for example, Ref.2). By means of the "relaxation combine", in addition to more 
detailed investigation of nonisothermal relaxation processes3, one can measure 
the characteristic that might be termed the "instantaneous efficiency of thermo- 


I 
luminescence’. This characteristic is defined by the formula p(T’) = |= ls (I 


is the luminescence intensity and nis the number of color centers) .4 

Experimental determination of this characteristic requires simultaneous 
measurements of / (7) and (7), inasmuch as n~x,,)/7. In our experiments we 
measured the efficiency of thermoluminescence of x-irradiated KC1:T1l, KBr:Tl and 
NaC1:T1l single crystals. 

In the accompanying figure we show 
somewhat schematically (the data obtained 
in the case of x-raying the phosphor at 
liquid nitrogen temperature and at room 
temperature are shown as single curves) 
the curves characterizing thermal bleach- 
ing of the F band (1), the band with 
Amax = 360 mu (2), thermoemission (3) (a 
filter was used to isolate the emission 
of T1+ ions) and p(7) for KC1:T1 (4). 

The temperature variation of the effici- 
ency of thermoluminescence has a complex, 
step-like character. It may be assumed 
that the individual steps in the tempera- 
ture dependence of p correspond to dif- 
ferent electron and hole stages of the 
relaxation process. Thus at different 
elementary stages of the relaxation process the instantaneous efficiency of ther- 
moluminescence has different values ranging from zero to infinity. The infinite 
values of the thermoluminescence efficiency calculated from bleaching of the F 
band stem from the fact that in the investigated regions breakdown of F centers 
virtually does not occur, and the observed thermoluminescence presumably accom- 
panies the process of break up of some other type of color centers. For example, 
the thermoluminescence peak of KC1:Tl at ~350°K and partially the peak at ~400°K 
are due to two-stage dissociation of M centers that are produced at room tempera- 
ture; in the region of the peak at 295°K there occurs another stage of bleaching 
of the band with A\max = 360 mu. The very high intensity of the thermoluminescence 
in this peak gives reason to assume that the recombination in this region occurs 
at the activator: activator color centers break down. The polarity of this pro- 
cess has not been established so far. 

The values of p (7) close to zero are connected with the low efficiency of 
energy transfer from the points of recombination to the luminescence centers and 


l 
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au usually observed in the hole stages of the relaxation process. Thus, for 
‘example, according to the data of Refs.3 & 5, the stage of break-up of V1 and F 
centers in KC1:Tl at about 170°K (and probably at 230°K) is due to a hole process. 
The efficiency of thermoluminescence in these regions is much (100 times) lower 
than in the electron stages® of the relaxation process that occurs at temperatures 
above 350°K. 

In the accompanying figure we also show the thermoemission curve (3') and 
efficiency of thermoluminescence curve (4') for KC1:T1 phosphor x-irradiated at 
room temperature and then heated to 450°K, 

In the elementary stage of the relaxation process the instantaneous effici- 
ency of thermoluminescence remains constant. It can readily be shown that this 
constancy can be regarded as experimental substantiation of the theoretical con- 


dition of Andirovich’ regarding the quasistationary concentration of electrons 
in the conduction band. 
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PHOTO- AND THERMOSTIMULATED ELECTRON EMISSION FROM ALKALI HALIDE PHOSPHORS 
EXCITED BY ULTRAVIOLET RADIATION 
- A.I.Belkind & Kh.F.Kyaembre 


For the purpose of clarifying the mechanism and kinetics of the physical pro- 
cesses occurring incident to luminescence and creation of color centers in alkali 
halide phosphors, we, in addition to the conventional absorption and luminescence 
procedures widely used in our laboratory (see, for example, Refs.1 & 2), made use 
of an electric procedure. 

Using a point counter (see Refs.3 & 4), we investigated the photostimulated 
and thermostimulated electron emission (hereinafter PSE and TSE) from excited alka- 
li halide crystals. The experimental technique is described in Ref.5. In contrast 
to the case in most studies devoted to electron emission from excited crystals (exo- 
electronic emission), we excited our KBr, KCl, NaCl, KBr:T1l, KC1:T1l and NaC1:Tl 
crystals with UV light from a spark between aluminum electrodes, isolating the 
individual lines by means of a monochromator. This enabled us to realize differ- 
ent elementary excitations of the crystal (excitation of the activator ions, an- 
ionic excitons, etc.). 

In agreement with the data of Refs.6 & 7, the spectrum of emission stimula- 
tion for KBr crystals does not repeat the contour of the F absorption band, but 
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rises rapidly from hv ~1.6 ev to 
the side of shorter wavelengths. 
Measurements of the influence of 
visible light on the PSE of photo- 
excited KBr show, however, that the 
observed PSE is undoubtedly realized 
from F centers (we measured the de- 
crease of PSE after illumination of 
the excited crystal by monochromatic 
light of different frequencies). 
These data substantiate the hypothe- 
sis advanced by Apker & Taft’ re- 
garding direct optical ejection of 
electrons from F centers into the 
vacuum. The KBr PSE excitation spec- 
Fig.1. Excitation spectra of PSE (1), lumi- trum attains a maximum at 186 mu, 
nescence photostimulated in the F band (2) the region of the peak of the exci- 
and phosphorescence (3) of a KC1:Tl single ton absorption band (we measured the 
crystal; absorption spectrum of KC1:T1l (4) magnitude of the photostimulated 
and spectrum of excited absorption (4') of emission from F centers after exci- 
the same phosphor after irradiation with tation of the crystal by monochro- 
ultraviolet from an Al spark. matic radiation of different fre- 
quencies). 

As will be evident from Fig.1, 
in the case of KC1:T1l phosphor the 
PSE excitation spectrum and the 
spectrum of luminescence photostimu- 
lated in the F band repeat the con- 
tour of the short wavelength acti- 
vator absorption band, corresponding 
to the 480 >'!Pi transition in T1t 
ions. The phosphorescence excita- 
tion spectrum has the same shape. 
Thus after repeated vain attempts®,9 


1000 ML 


1ev 


ae a Hs ic aud reset, to detect the photoelectric effect 

Fig.2. Thermostimulated luminescence (1) incident to excitation in the acti- 

and TSE (2) of an NaC1:T1 crystal excited vator absorption band, on the basis 
by ultraviolet from an Al spark. of which Seitz proposed the meta- 


stable mechanism of phosphorescence 
in alkali halide phosphors, we now have direct electric data substantiating the 
recombination nature of the phosphorescence mechanism in KC1:Tl. 

After excitation of an NaCl:Tl phosphor by ultraviolet in the short wave- 
length activator band we also succeeded in observing TSE(Fig.2). At the same 
time we also measured the thermal bleaching in the F band, which clearly consists 
of several stages, or the thermostimulated luminescence. In measuring the TSE of 
NaC1:Tl crystals (measurements were started 10 min after excitation) , we observed 
that the thermal bleaching stages occurring at 420, 440 and 520°K are accompanied 
by emission. The stage of thermal bleaching at 520°K was observed by Elangol® 
earlier, Inasmuch as emission corresponds to escape of electrons from the crystal, 
it may be concluded that at least the two or three highest temperature stages of 
F center bleaching are due to thermal ionization of the centers. 

The fact that the low temperature stages of thermal bleaching are not ac- 
companied by emission may be explained on the assumption that the emission is a 
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surface effect whereas the absorption is a volume effect. 

The results of concurrent measurements of TSE and thermostimulated lumines- 
cence (Fig.2) indicate close correlation between the TSE and thermostimulated 
luminescence peaks. This correlation, the relation between the thermolumines- 
cence peaks and the different stages of thermal bleaching observed in the work 
of Lushchik, and the character of the PSE process discussed above, all substanti- 
ate the recombination character of phosphorescence in alkali nedide crystals. 


Institute of Physics and Astronony, 
Academy of Sciences of the Estonian SSR 
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INVESTIGATION OF OPTICAL DISSOCIATION OF F CENTERS IN ALKALI HALIDE CRYSTALS 
- I.A.Parfianovich & E.I.Shuraleva 


The mechanism of optical dissociation (bleaching) of F centers in photo- 
chemically colored alkali halide crystals has been the subject of numerous dis- 
cussions in the literature. In this connection a number of authors have con- 
sidered the so-called stability of F centers: some associated it with the pres- 
ence in the crystal of hole centers with different recombination luminescencel 2, 
while others infer the existence of two types of F centers, termed "soft" and 
"hard" by Oberley3. Markham?, however, proposes a different explanation. 

With a view to determining the mechanism of photodissociation of F centers 
we undertook a detailed investigation of the effect of optical flash and disso- 
ciation of F centers in pure and activated NaCl crystals. The F centers were 
produced by x-rays; the colored crystals were bleached by light in the F band. 

It was established that the weakening of the F band under the influence of 
light in pure crystals is connected primarily with transformation of the F cen- 
ters into other electron centers (M and F'); as for recombination of free elec- 
trons with the holes of V centers, in our estimation, this plays an insignifi- 
cant role. After attainment of the limiting electron concentration on shallow 
trapping levels the dissociation of F centers virtually ceases. This is illus- 
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trated by the experimental results presented in 
Fig.1, which shows the relative changes in F 
center concentration in the process of their 
optical dissociation in a pure NaCl crystal. 
Curve 1 was obtained immediately after x-irradi- 
ation; curve 2 after subsequent heating of the 
crystal in the dark for the purpose of releasing 
the electrons from the shallow traps. 

It will be seen that curve 1 consists of 
two sections: the initial section characterizes 
rapid dissociation of the F centers, while the 
final section indicates virtual cessation of dis- 
sociation. But, as will be evident from curve 2, 
it is sufficient to remove the electrons from the 
shallow trapping levels for dissociation of F 
centers to resume at a high rate. 

An entirely different situation obtains in 
crystals containing an activator. As we showed 
earlier?,® for the case of NaCl:Ni phosphors, 
introduction of an activator leads to reduction 
of the F center stability. Investigation of the 
spectra of the additional absorption and simul- 
taneous study of quenching of the optical flash 
and the photodissociation of F centers under con- 
ditions when there could be electrons on shallow 
trapping levels and under conditions when this 
was impossible, enabled us to establish the mech- 
anism of F center dissociation in phosphors. True 
photodissociation of F centers in activator crys- 
tals is due primarily to recombination of elec- 
trons with ionized luminescence centers, which 


the F center concentration in- 
cident to photodissociation in 
NaCi:Ni phosphor x-irradiated 

for 20° ming) Sand, 5 hours: C2)e 


are present in NaCl:Ni phosphors prior to their 
excitation, and the number of which decreases as 
a result of exposure to x-rays. The role of ion- 
ized luminescence centers in the process of opti- 
cal dissociation of F centers is particularly 
clearly evident from the curves of Fig.2, which characterize the relative changes 
in the F center concentration in the same NaCl:Ni phosphor specimens but exposed 
to x-rays for different periods. In the case of short-term x-irradiation (curve 
1) the bleaching of the F centers occurs fairly rapidly; in the case of prolonged 
irradiation (curve 2) there occurs so appreciable a decrease in the number of 
ionized luminescence centers that the F centers become almost as stable as in a 
pure crystal. 

Thus we see that the different stability of F centers in alkali halide crys- 
tals is not due to the presence of centers with different properties ("soft" and 
hard centers), but is determined by the conditions governing the recombination 
of electrons released from these centers. 

Worthy of attention is the fact that the stability of F centers is affected 
not only by the presence of a divalent activator but also by the presence of a 
monovalent one. This was demonstrated in the work of Hersh? with KEsTLS ola ante 
dition, we carried out experiments with NaC1:Cu phosphors. Here again we found 
that with increase of the activator concentration the optical Stability of F cen- 
ters decreases. It is interesting to note that the activator absorption band 
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Ona = 255 miu) in these phosphors can be weakened as a result of heating the 
phosphor; at the same time the stability of the F centers is enhanced, i.e., the 
F centers become more stable as a result of heating. These Srrerneree Teduae 
to the conclusion that the Stability of F centers is affected not only by the 
part of the activator that is located at the cationic lattice sites, but also by 
the part of the activator distributed in Special places in the ae, namely, 


on block faces and similar surfaces along which it can move with relative ease 
when the crystal is heated. 


"A.A. Zhdanov" Irkutsk State University 
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OPTICAL PROPERTIES OF ALKALI HALIDE CRYSTALS DOPED WITH 0, S, Se AND Te 


The properties of alkali halide crystals doped with 0, S, Se and Te have 
scarcely been studied. In the investigations listed under Refs.1-4 there were 
obtained the absorption and luminescence spectra of some alkali halide crystals 
with oxygen-containing impurities and the absorption spectrum of KI with S im- 
purity. 

The present work is a continuation of the study of the properties of alkali 
halide crystals doped with 0, S, Se and Te, started in 1959 in the Latvian State 
University. 

The doped KCl, KBr and KI crystals were obtained by two procedures, namely, 
by growing from the melt by the Stockbarger technique and by diffusion of the 
impurity vapor into the crystal additively colored beforehand. 

The absorption spectra of KCl, KBr and KI crystals containing oxygen impuri- 
ties proved to be similar to those described in the literaturel-4, The following 
results were obtained for the crystals with other impurities. 

In the absorption spectra of KCl crystals with 0, S, Se and Te there is ob- 
served a monotonic increase of the absorption starting at about 4 ev and extend- 
ing to the side of shorter wavelengths without any distinct maxima. All these 
-erystals exhibit a weak photoluminescence in the visible region (we plan to study 
the characteristics of this luminescence in the future). 

In contrast, the absorption spectra of doped KBr crystals exhibit a series 
of maxima but no monotonic rise of the absorption to the side of shorter wave- 
lengths. The absorption, excitation and photoluminescence (excitation by 313 mu) 
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spectra of a KBr:Se crystal are shown in the ac- 
companying figure. 

In the absorption spectra of KI crystals 
containing 0, S, Se or Te impurity, in addition 
to the monotonically increasing absorption to 
the side of shorter wavelengths, there are pres- 
ent several peaks. These crystals also yield 
photoluminescence in the visible region. 

It follows from the results obtained that 
KCl, KBr and KI crystals doped with 0, S, Se and 
Te have absorption and luminescence spectra char- 
acteristic of the impurity contained in the crys- 


f,ev tal. This is substantiated by the fact that the 
Absorption (1), excitation absorption and luminescence spectra of the crys- 
(2) and photoluminescence tals do not agree with the spectra of the same 
Oexcit = 313 mz) (3) spec- crystals containing Cu, Pb and other frequently 
tra of KBr crystals doped encountered impurities. 
with Se. In addition, for some crystals we determined 


the variation of the absorption spectra with the 
impurity concentration and found that the absorption at all the peaks decreases 
with decrease of the impurity concentration. 

It may be assumed that the enumerated impurities enter into the crystal lat- 
tice in the form of divalent anions. This assumption is in agreement with the 
experimental data on subtractive and additive coloring of crystals with these im- 
purities. 

We note that whereas alkali halide crystals containing cationic impurities 
are highly hygroscopic (particularly KI), the hygroscopicity of the alkali halide 
crystals doped with S, Se and Te is substantially reduced. 


Latvian State University 
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DISCUSSION 


Ch.B.Lushchik: Most investigations of alkali halide crystals have been con- 
cerned with crystals containing cationic impurity luminescence centers. Hence, 
one should welcome investigations devoted to anionic luminescence centers. It 
may be noted that for anionic centers in the crystal lattice there should be ob- 
served "expansion" of the energy diagrams as compared with free anions. The in- 


verse effect of "compression" of the energy diagrams is familiar for cationic 
impurities. 
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INTERACTION OF ACTIVATORS IN ALKALI HALIDE PHOSPHORS 
- A,T.Khlevnyuk 


Sensitized luminescence of alkali halide phosphors has been studied by 
Shvartz & Zarnitis! and other authors. 

The purpose of the present work was to investigate the effect of activator 
interaction on the electron trapping centers in NaC1:CuClo: PhClo phosphors. The 
study was carried out by comparison of the thermostimulated luminescence (glow) 
curves and the additional absorption spectra of x-irradiated one- and two-activa- 
tor phosphors. The phosphor single crystals were grown by the Kyropoulos tech- 
nique. 

The thermostimulated luminescence of x-irradiated NaC1:Cu phosphors has been 
investigated by Parfianovich2;3, Kats4 and Lushchik. The thermostimulated lumi- 
nescence of NaC1:Pb phosphors was studied by Lushchik and his co-workers®. The 
spectral characteristics of NaCl:Cu and NaCl:Pb phosphors are described in Refs. 
7-9. 

Our results as regards the glow curves and additional absorption spectra of 
NaC1:Cu and NaC1l:Pb phosphors agree in general with the data in the literature. 

In investigating the two-activator phosphors we obtained the following re- 
sults. Phosphors with equal molecular concentrations of the activators (for ex- 
ample, NaC1:CuCl9 (0.02): PbCl5(0.02))* have glow curves with three peaks located 
at 40, 58 and 1289; these peaks also appear in the glow curves of NaC1:CuCly phos- 
phors. 

The deformation of the glow curves of 
two-activator phosphors with increase of 
the relative copper concentration is the 
same as for the curves of NaC1:CuClo phos- 
phors with increase of the activator concen- 
tration. However, the peak at 220°, char- 
acteristic of NaCl:CuClo phosphors, does 
not appear in the glow curves for the two- 
activator phosphors. Moreover, the light 
sum stored in the two-activator phosphors 
is appreciably smaller than that stored in 
NaC1:CuClo phosphors. 

In case of minor predominance of lead 
(for example, for NaC1:PbCl9(0.04):CuClo- 
(0.02)) the high temperature peak is shift- 
ed to the side of higher temperatures and 
increased in height. At the same time there 
appears a peak at 110°, which is character- 
istic of NaCl:PbClo phosphors. With an ap- 
preciable predominance of lead, the glow 

sf curve has two peaks located at 45 and 145° 


150 


100 


50 


“20 oy ae EN SS (curve 3 in the accompanying figure). This 
Glow curves: 1 — NaC1:CuCl9(0.02), curve differs greatly from the curves eee 

2 - NaC1:PbCl9(0.4) (the vertical one-activator phosphors. Both these peaks 
scale for this curve has been in- do not agree with the peaks in the curves 
creased by a factor of 2), 3 - for one-activator phosphors (see figure) ; 

NaCl: PbC19(0.4):CuC19(0.02). in fact the second peak is located outside 


the region of the peaks characteristic of 


*A11 the activator concentrations are given in mole percent. 
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one-activator phosphors. 
The additional absorption spectra of two-activator phosphors differ from 


the absorption spectra of the one-activator phosphors. The optical density at 
the maximum of the F band (465 mu) for two-activator phosphors depends on the 
activator concentration ratio. The optical density in the F band increases with 
increasing relative copper concentration, but remains virtually constant with in- 
crease of the relative lead concentration. 

In case of appreciable predominance of lead (for example, NaC1:PbC1lo9(0. 4): 
CuCly(0.02)) the maximum of the F band is shifted to 460 mu, while the M band dis- 
appears. The shift of the F band is consistent with the fact that the peak in the 
glow curve for the given phosphor which corresponds to release of electrons from 
the F levels is shifted to the side of higher temperatures. 

Thus it is apparent that interaction of the activators in NaCl:CuClo:PbClo 
phosphors definitely affects the conditions of formation of F and M centers. 


"V,G.Korolenko" Poltava Pedagogical Institute 
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EFFECT OF DIFFERENT GASES ON THE FORMATION OF LUMINESCENCE CENTERS 
IN SILVER HALIDE 
- S.I.Golub & N.A.Orlovskaya 


To yield intense luminescence silver chloride sublimate layers, like most 
alkali halidesl, require heat treatment. The activation occurs as the result of 
decomposition of the salt particles and formation of a stoichiometric excess of 
silver. In silver halide sublimate phosphors there are present at least two 
types of luminescence centers?: internal centers responsible for the short wave- 
length band (blue band in the case of AgCl), and external or superficial centers 
responsible for the long wavelength band (red). The medium in which the phosphor 
is heated (300-400°C) has a substantial influence on the effect produced; more- 
over, the effect differs for different bands. 

The results of our measurements are shown in the accompanying figure. 


Blue band 


Heating in vacuum with 
continuous pumping of the con- 
tainer enhances the lumines- 
cence by a factor of 2-3. This 
"pure" effect of heating can be 
explained on the assumption 
that, on the one hand, heating 
leads to ordering of the crys- 
tal lattice, and, on the other 
hand, increases the concentra- 
tion of surstoichiometric sil- 
ver atoms, which diffuse 
through crevices onto the inter- 
nal surfaces of the crystals 
and there form new luminescence 
centers.% 

Heating in air (furnace 
atmosphere) increases the lumi- 
nescence to a greater extent 
than heating in vacuum, while 
heating in pure oxygen (p = 2-3 
cm Hg) has an even stronger 
intensifying effect. Conse- 
quently, pure oxygen or atmos- 
pheric oxygen facilitates dif- 
fusion of the activator into 
AgCl, producing, as in the case 
of alkali halide phosphors, 
additional local heating of 
the host. 

Heating in chlorine vapor 
(p = 20 atm) greatly weakens 
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Effect of heating AgCl at 300°C in different or even completely quenches 
media: 1) oxygen, 2) air, 3) vacuum, 4) control the blue luminescence of AgCl. 
(not heated) sample, 5) chlorine, 6) control This fact may be interpreted 


sample for heating in chlorine. as the result of diffusion of 


- 380 - 


chlorine into the crevices and over the surfaces of the substructure blocks and 
oxidation by it of the silver atoms adsorbed on these surfaces. This process re- 
sults in destruction of the blue luminescence centers. 


Red_band 


Inasmuch as the red luminescence centers are colloidal silver particles, 
heating, on the one hand, increases the number of centers, inasmuch as it raises 
the concentration of excess silver, and, on the other hand, decreases the number 
of centers, because at 300° there begins resorption or dispersion of the colloid- 
al particles. Upon these two effects there is superposed the influence of the 
medium in which the phosphor is heated. Our experiments yielded the following 
results. 

Heating in vacuum enhances the luminescence: obviously, there predominates 
the process of formation of new centers because the chlorine evolving in the pro- 
cess of decomposition of AgCl by heat is evacuated. 

Heating in oxygen weakens the luminescence. This apparently occurs because 
oxygen facilitates dispersion of the colloidal particles (the Herschel effect oc- 
curs only in the presence of oxygen during heating*) , so that this process pre- 
dominates over the process of formation of new centers. In addition, the oxygen 
oxidizes the silver particles, which also leads to weakening of the luminescence. 
Heating in air at 300° intensifies the luminescence; here there predominates for- 
mation of new centers, while the dispersing effect of oxygen of the air is weaker 
than that of pure oxygen. It must be noted, however, that heating at 400° in air, 
as in pure oxygen, completely suppresses the red band. 

Heating in chlorine vapor greatly enhances the red band. This might be ex- 
plained by the fact that the presence of chlorine penetrating through crevices 
into the crystals, hinders inward diffusion of the silver atoms. Hence the ex- 
cess silver, forming as a result of thermal decomposition of the AgCl, remains 
on the external surfaces of the crystals, and as a result of conglomeration the 
concentration of colloidal silver particles increases. Chlorine interacts weak- 
ly (and only on the surface) with colloidal silver particles; hence they are not 
oxidized. In the absence of oxygen, there is no noticeable dispersion of the 
colloidal particles. The combined effect of all the above factors is a great in- 
crease in the number of red luminescence centers with consequent enhancement of 
the red luminescence. 


References 


1. F.D.Klement, Zhur.fiz.khim. (Jour.Physical Chem.) 21, 563 (1947). 
2. S.I.Golub, Transactions of the 7th Conference on Luminescence, Tartu, 


3. S.I.Golub & N.A.Orlovskaya, Trudy (Proceedings) , Odessa State University, 
148, Ser.fiz.nauk, (Phys.science series), No.6, 29 (1958). 
4, A.S.Vnukova, Zhur.fiz.khim., 9, 593 (1937). 


mel esto Bt 


LUMINESCENCE OF ALKALI HALIDE PHOSPHORS ACTIVATED BY ANTIMONY TRICHLORIDE 
- A.S.Andrianov & M.L.Kats 


The usual procedure for determining the nature of the luminescence centers 
in alkali halide phosphors is experimental determination of the regularities ob- 
taining in the activator absorption spectra and comparison of these with the regu- 
larities governing the electron transitions between the energy levels of the acti- 
vator in the free state. From this standpoint it is of interest to investigate 
alkali halide phosphors activated by ions with identical outer electron shells; 

a suitable homologous series is represented by Int, Sn2+ and Sp3t. 

The optical properties of tin and indium activated alkali halide phosphors 
have been investigated repeatedly.1-5 Hitherto there has been only one study, 
by Schleede§ , devoted to alkali halide phosphors activated by antimony; the prin- 
cipal results of this study are summarized in Pringsheim's book’, (Some prelimin- 
ary results on KC1:SbC13 phosphors will be found in Ref.8.) 

For the purposes of the present work we prepared surface-activated single 
crystal phosphors. 

The accompanying figure gives the experimental absorption curves obtained for 
KC1:SbC13, KBr:SbCl3 and a layer of SbCl3 deposited on a quartz substrate, as well 
as the curves characterizing the excitation and fluorescence spectra of KC1:SbClg9. 

It will be evident 
from a comparison of curves 


D ‘4 1 and 2 and the curves 
y 5 characterizing the absorp- 
te £y ce 469 tion of alkali halide phos- 
| / \ phors activated by Sn and 


| In (Refs.1-5) that they 
are similar in appearance; 
+ —40 hence, presumably, the ab- 
sorption peaks can be as- 
sociated with the same 
electron transitions. 

r 26 However, there are 
also substantial differ- 
ences between the optical 
properties of the enumer- 


500 ae ay net 0p ated phosphors. Whereas 

2, iY the activator absorption 
Absorption of KC1:SbCl3 (1), KBr:SbCl3 (2) and an spectra of In and Sb acti- 
SbCl, layer on a quartz substrate (3), and excita- vated alkali halide phos- 


tion (4) and fluorescence (5) spectra of KC1:SbClx. phors completely agree with 

the respective fluorescence 
excitation spectra, no such agreement is observed for the Sb activated phosphors 
(compare curves 1 and 4). 

The noncoincidence of the peaks in the absorption and fluorescence excitation 
spectra of KC1:SbCl3z indicate that the optical absorption in the bands with Mmax = 
= 250 and 312 mu and the process of fluorescence in the visible region are associa- 
ted with different centers. Whereas the optical absorption, as was noted above, 
is due to electron transitions between levels in Sb3t ions, the fluorescence, ap- 
parently, is connected with centers of more complex structure. 

It must be noted that the layer of antimony trichloride deposited on a quartz 
backing does not fluoresce under the influence of ultraviolet. Consequently, a 
necessary condition for the formation of fluorescence centers appears to be inter- 
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action of the antimony tetrachloride molecules with the particles of the base 
material. 

Alkali halide phosphors activated by SbC13 can be obtained at FOOM tempera 
ture by simple mixing of the host and activator impurity, without grinding. This 
suggests that these phosphors belong in the class of surface-activated phosphors. 


"nN.G.Chernyshevskii'’ Saratov State University 
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DISCUSSION 


N.E.Lushchik: We investigated the absorption, excitation and luminescence 
spectra at 300°K of KC1:Sb single crystals prepared by the method of diffusion 
from the gaseous phase. The results obtained (see Trudy IFA AN ESSR - Proceed- 
ings, Institute of Physics & Astronomy, Estonian SSR Ac.of Sci.) No.6, 3 (1956), 
and my Dissertation) agree in general with the results reported by Andrianov & 
Kats. It must be noted, however, that the inference drawn by Andrianov & Kats 
regarding the noncoincidence between the absorption and excitation spectra of 
KC1:Sb are possibly premature, inasmuch as these authors did not investigate the 
ultraviolet emission of KC1:Sb and did not prove that the impurity absorption 
must be attributed to the antimony ion. I agree with the opinion of Andrianov 
that the yellow luminescence of KC1:Sb is probably connected with luminescence 
centers of type II. 
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INVESTIGATION OF THE EFFECT OF DOUBLE ACTIVATION BY SILVER AND SAMARIUM ON 
TRAPPING LEVELS IN AND THE LUMINESCENCE OF ZINC SULFIDE PHOSPHORS 
~ V.L.Levshin, Yu.V.Voronov, V.B.Gutan, S.A.Fridman & V.V. Shaenko 


In phosphors containing two activators there is usually observed strong in- 
teraction of the activators, leading to complex distribution of the excitation 
energy between the individual emission bands.17-4 

Particularly strong interaction occurs between activators that are rare 
earth elements. In the present work, which is the first of a series of planned 
studies on activator interaction, we investigated the interaction of Ag and Sm 
in zinc sulfide phosphors. 

The phosphor samples were prepared in a stream of hydrogen sulfide, so that 
the intrinsic luminescence of zinc sulfide itself did not appear and the corre- 
sponding system of trapping levels did not form. By way of flux we used magnesi- 
um chloride, which was added in the amount of 4%. Some of the investigated phos- 
phor samples were prepared without flux, but the quantitative data presented in 
the report pertain only to phosphors fluxed with MgClo. 

We prepared and investigated phosphors activated only by silver, and only 
by samarium, phosphors containing Ag in the amount of 1074 g/g and amounts of Sm 


varying from 10-7 to 1073 g/g, and phosphors containing 1074 g/g Sm and varying 
amounts of Ag in the range from 107‘ to 1073 g/g. 


1. Luminescence centers 


Silver is characterized by emission in a relatively narrow blue band peaking 
at 430 mu. The luminescence of samarium consists of three groups of very narrow 
bands, essentially lines: a green, orange and red group. The last, which is the 
most intense, is located at about 650 mu. 

One may ask: does the entire emission spectrum of samarium correspond to one 
type of center or are several types of centers involved°? Trapeznikova® came to 
the conclusion that Sm in zinc sulfide phosphors gives rise to at least three 
different kinds of luminescence centers. In order to answer this question we re- 
corded the spectra of the red group for different phosphors and under different 
conditions. Analyzing the resultant spectrograms, we compared the variation in 
intensity of the red lines depending on the concentration of Sm, the presence of 
Ag and flux and on the temperature. 

It was found that the effect of these factors on the intensity of the indi- 
vidual lines differs; this does not necessarily mean, however, that the number of 
different luminescence centers is equal to the number of lines observed. The 
varying factors may have different effects on the excitation of the same center, 
resulting in excitation of different states. Nevertheless, a number of consider- 
ations give reason to think that there must be present centers of more than one 
kind. 


2. Trapping levels in ZnS:Ag:Sm phosphors 


The next step in our work was investigation of the arrangement of trapping 
levels in zinc sulfide phosphors with one or two activators, and determining the 
effect of interaction of the activators on the depth and development of the dif- 
ferent trapping levels. ; 

The glow curves obtained for one- and two-activator phosphors in thick lay- 
ers are shown in Fig.l. 
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Fig.1,a gives the glow 
curves for ZnS:Ag phosphors 
with different amounts of sil- 
ver from 10-7 to 107% g/g. It 
will be seen that all the curves 
have a peak at about -112°. 

With increase of the Ag concen- 
tration the number of trapped 
electrons attains a maximum at 
10-6 g/g and then with further 
increase of Cag falls off sharp- 
ly. 

Fig.1,b shows the glow cur- 
ves for ZnS:Sm phosphors with 
different samarium concentra- 
tions. Here the principal peak 
lies at -144°; there are also 
Ki evident two lower peaks at -60° 
and +30°, which at first in- 
crease with increase of the Sm 
concentration and then disappear 
at Con = 10-3 g/g. As in the 
case of ZnS:Ag phosphors, in 
the range of high activator 
concentrations the total energy 
storage ability decreases. 

Fig.1,c shows the glow 
curves obtained for ZnS:Ag:Sm 
phosphors (Cag = 107% g/g, Com = 
= 10-7 to 10-5 g/g). In the 
Sm concentration range under 
5+10-4 g/g there is observed 
the luminescence of both silver 
and samarium. It will be evi- 
dent from the figure that the 
glow curves for silver (solid 
lines) occupy the same tempera- 
ture interval as for the phos- 
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RET ne oUgt00 504 0 50 eite phors without samarium; however, 
introduction of even very minor 
Fig.1. Glow curves for the investigated phos- amounts of samarium sharply re- 
phors; the figures at the curves give the acti- duces the energy storage ability 
vator concentration. All phosphors prepared of these levels; the release of 
with 4% MgClo flux. electrons from these levels 


yields only the luminescence 
of Ag. The dashed curves in Fig.1,c represent the glow curves due to the presence 
of samarium, but deformed by the presence of silver; the luminescence belongs to 
Sm. Comparison of these glow curves with the curves of Fig.1,b shows that the 
principal Sm level at -144° disappears almost completely in the presence of 10-4 
g/g silver. At the same time the level corresponding to the -60° glow peak is 
weakened and the level emptying at +30° disappears, but there appear two new lev- 
els, yielding glow peaks at -10° and +90°. Thus the introduction of silver de- 


stroys the initial levels and produces new ones. The total energy storage capacity 
is reduced. 
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Fig.1,d shows the variation in the system of levels in ZnS;Sm:Ag with a con- 
‘stant concentration of Sm (1074 g/g and Cag = 1076 , 10-5 and 1074 o/s ise ek tewill 
be seen that at Cgm = 1074 g/g the luminescence of Ag disappears. The curves of 
Fig.1,d illustrate the strong suppressing influence of silver on the luminescence 
of samarium, 


The depth of the trapping levels was determined by means of the formula pro- 
posed by Parfianovich’: 


7 kTyP> Bo ip 
ie ‘2 i hayoce: ibe 2) 2k 
TT, \h g, 1 nz). (1) 


where fi and 2 are different rates of heating, 1, and 72 are the corresponding 
absolute temperatures of the glow curve peak, and E is the depth of the trapping 
level. 


There were obtained the following values for the depth of the samarium trap- 
ping levels: 


T,° -144 -90 -60 -10 +30 +70 +90 
EB oveewO.2Gyon0387) 0.43 0.53 0.61 0.69 0.73 


The calculated energy depth of the silver levels is 0.33 ev. 

It follows from the described results that the interaction of activators, 
first, modifies the system of trapping levels, forming new levels (in the table 
above the three underlined levels pertain to the one-activator phosphor, while 
the three other levels appear as a result of activator interaction) , and, second, 
interaction of the activators sharply reduces the light sums stored on the origin- 
al levels: at Com = 510-4 g/g the initial levels of Ag are completely destroyed; 
introduction of 10-4 g/g Ag reduces the Sm luminescence light sum by more than 
half. 

From the fact that increase in the number of activator ions leads to reduc- 
tion of the stored light sums it follows that a trap created by two close acti- 
vator ions is less efficient that a trap produced by a single ion. This observa- 
tion applies both to ions of different activators and to ions of the same acti- 
vator. 

Investigations of the decay of Sm luminescence showed that the formation of 
deep Sm trapping levels with increase of its concentration leads to slowing down 
of Sm luminescence decay at the later stages of the process. 

It must also be noted that the traps formed by samarium and silver are dis- 
tinctive and give up their electrons only to centers formed by the same activator. 


3. Variation of the luminescence spectra of ZnS phosphors under steady 
excitation with the amount and proportion of Sm and Ag introduced 


The luminescence of the investigated phosphors consisted of the emission of 
Ag - a band between 400 and 500 mu with a peak at 430 mu - and a number of narrow 
Sm bands, among which we investigated only the group of intense lines between 
640 and 660 mu. We investigated the variation of the luminescence spectra under 
steady excitation as a function of the concentration of the interacting activa- 
tors and the temperature. 

Before turning to a discussion of the experimental results, it may be well 
to describe the character of the variation in the spectra for a specific case. 
Fig.2 shows the spectra of phosphors with the same optimum Ag concentration (1074 
g/g) and Sm concentrations equal to O, 1076 and 10-8 8/8. os will be evident from 
Figs.2,a & b, the luminescence of Ag falls off rapidly with increase of the Sm 


content. 
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The first additions of Sn, 

although they produce substan- 
a tial quenching of the Ag lumi- 
nescence, yield only weak lumi- 
nescence of Sm itself (Fig.2,c); 
in small amounts Sm acts mainly 
as an effective quencher. Fur- 
ther additions of Sm yield more 
noticeable luminescence. As 
will be evident from Fig.2,c, 
the increase in Sm luminescence 
with increase in Sm content is 
superlinear. 

It is difficult to estab- 
lish the absolute value of the 
coefficient of transformation 
of Ag luminescence to Sm lumi- 
nescence: however, the relative 
change in the transformation 
coefficient, i.e., the value 
of AEsm/AEAg can readily be 
determined by dividing the area 
under the Sm luminescence spec- 
trum by the decrease of the 
area under the Ag spectrum. 

The rapid increase of the trans- 
formation coefficient with in- 
crease of Sm concentration is 


0 0 sl shown by the curve of Fig.2,d. 
UR ee 10 rp nntlg 105° panier Below we shall show that this 
“sm “sm fm curve passes through a maximum. 
Fig.2. Luminescence spectra: 1) ZnS: Ag(1074) , We now turn to discussion 
2) ZnS;Ag(10~4):Sm(10-5) , 3) ZnS:Ag(1074):Sm of the resulting curves charac- 
(10-5), Excitation by \ = 365 mu. terizing the activator inter- 


action. Fig.3 gives a number 

of curves characterizing the interaction processes at different activator con- 
centrations. This figure is essentially a summary of results of investigation of 
the variation of the intensity of the luminescence spectra with changes in the 
activator concentration. The luminescence was excited by X = 365 mu. 

Fig.3,a shows the variation in intensity of the Ag luminescence in the ab- 
sence of Sm. It will be seen that the optimum Ag concentration is 107-5 g/g. 

Fig.3,c shows the variation in the intensity of the luminescence of Sm(Cgp = 
= 1074 g/g) with different concentrations of Ag. Ag itself in this case does not 
yield luminescence, i.e., the luminescence of Ag is completely suppressed by the 
samarium. But it will be seen that the luminescence of Sm decreases with in- 
crease of the Ag content. Thus the two activators strongly quench each other. 
The action of Sm on Ag is stronger than the influence of Ag on Sm: thus the lumi- 
nescence of Ag completely vanishes at Com = PG whereas the introduction of Ag 
in the amount of 1073 g/g only reduces the luminescence of Sm by a factor of 5. 

Fig.3,d shows the variation in the intensity of the luminescence of Ag (left 
curve) and Sm (right curve) as a function of the Sm concentration. It will be 
seen that increase of the Sm content rapidly quenches the Ag band, which disap- 
pears completely at Con = 51075 g/g. The luminescence of Sm itself at first in- 
creases sublinearly, then goes through a maximum and decreases. 
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Fig.3. Variation in the luminescence intensity of Ag and Sm in ZnS phosphors (4% 
MgCl2 flux) as a function of the activator concentrations; Nexcit = 365 mu: a) 
ZnS:Ag, b) ZnS:Sm, c) ZnS:Sm(10-4):Ag, d) ZnS:Ag(10-4):Sm, e) Eag/Eag, = f (Com); 
Esm/Egmo = f(g); f) AESm/AEA S f gy). Solid points - Ag; Open points - Sm. 


Fig.3,e shows the variation as a function of the Sm concentration of the 
ratio of the luminescence intensities of Ag and Sm in the two-activator phosphor 
to the corresponding intensities in the one-activator phosphors. It will be seen 
that the luminescence of Ag monotonically decreases, while the luminescence of 
the Sm in the two-activator phosphors at a concentration of 1079 g/g proves to 
be twice as bright in the single activator phosphor. Here we have a clear case 
of stimulation of the samarium luminescence by silver. 

The coefficient of transformation of the vanishing blue luminescence of 
Silver to the luminescence of samarium was determined in relative units: the 
variation of this coefficient as a function of the samarium content for ZnS:Ag 
(10-4) :Sm phosphors is given in Fig.3,f. The curve characterizing the transforma- 
tion coefficient has a sharp maximum at Cgm = 1075 g/g. 

Similar investigations of the luminescence of the zinc sulfide phosphors 
with excitation by the X = 313 mu line and by a 10 kv, 5*10-7 a/cm? electron beam 
showed that these two forms of excitation yield very similar results: they differ 
more appreciably from the results of excitation with \ = 365 my than from each 
other, but on the whole these differences are mainly qualitative. 


4, Effect of temperature on the interaction of Ag and Sm 


The above described interaction of the Ag and Sm activators was observed at 
room temperature. The next series of experiments was undertaken with a view to 
determining the effect of temperature on the activator interaction. Curves char- 
acterizing the temperature dependence of luminescence at the moment of excitation 
by \ = 365 mu are shown in Fig.4. 

Fig.4,a gives the variation in the luminescence intensity of the single acti- 
vator phosphors: the dashed curve characterizes the luminescence of Ag(1074 g/g); 
the solid curve - the luminescence of Sm(1074 g/g). It will be seen that the two 
curves are similar, but that the luminescence curve for Ag has a peak at -20°, 
whereas the curve for Sm peaks at +20°. In view of this, the luminescence of Ag 
at temperatures above 60° is greatly weakened, while the decrease in the lumines- 
cence intensity of Sm with increasing temperature is relatively slow. A similar 
temperature variation of the luminescence intensity was observed for the phosphor 
with Con = 107° g/g. : 

Fig.4,b shows the temperature variation of the luminescence intensity of Ag 
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and Sm in ZnS: Ag(10~*) :Sm(107§) ; Ag was taken in a large excess. Tt willbe aha 
dent from a comparison of these curves with the curves of Fig.4,a that the pee 
of the intensity curves for Ag and Sm is greatly altered. The luminescence a 
persists in the region of low temperatures, and suppresses the Sm lines in this 
temperature region. In contrast, in the high temperature region the Benge se 
are intensified, while the Ag band is suppressed. The intensities in Big i4eare 
given in arbitrary units. 


209-100 0 700 200 00-100 0 700. 200t,T 


Fig.4. Temperature dependences of the luminescence intensity at the time of exci- 
tation by X% = 365 mu. 


In order to clarify the character of the interaction of Ag and Sm we calcu- 
lated the ratios of the luminescence intensities of the two-activator phosphor 
bands to the respective intensities in the spectra of the one-activator phosphors. 
These calculations showed that the interaction of the activators in the investi- 
gated range of concentrations leads to quenching at all temperatures. However, 
the relative effects are reversed in the high and low temperature regions. The 
silver luminescence is quenched most strongly by Sm at +20°, where the intensity 
is decreased relative to the intensity for the single activator phosphor by a 
factor of ~10. At this temperature the quenching of Sm by silver is minimal. 

The quenching effect of one activator on the other becomes noticeable at 
such low concentrations and where the mutual effects are concerned at concentra- 
tions differing so radically for the two activators that one cannot logically 
attribute the effect solely to short range interaction, i.e., to interaction when 
the respective activator ions are in the immediate proximity of each other. 

The strong temperature dependence of the activator interaction is probably 
connected with variations in the effectiveness of charge carrier transfer through 
the energy bands. However, in addition, there apparently comes into play reson- 
ance energy transfer between the activators, particularly at low temperatures. 

The complex character of the temperature variation of quenching is possibly 
connected with the presence of several different kinds of samarium luminescence 
centers, so that the observed complexity may be due to the fact that we investi- 
gated only the integral luminescence of Sm. 


"P.N.Lebedev'" Physical Institute, 
Academy of Sciences of the USSR 
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DISCUSSION 


V.Ya.Yaskolko: We prepared CaSO, phosphors and activated them with Mn, Sm 
Pb, Zn, Bi and Co, which were introduced in pairs in different concentrations.» 
We investigated the steady luminescence and thermostimulated luminescence spectra 
and also the trapping levels in these phosphors under X-ray excitation. It was 
found that for some activator pairs the spectra contained the bands of both acti- 
vators in steady luminescence and thermostimulated luminescence, while for other 
activator pairs there was observed only one band, sometimes mixed (Ce and Bi co- 
activators). The thermoluminescence color for some activator pairs (Mn, Sm and 
others) changed, so that one could not identify any thermoluminescence band with 
any given activator on the basis of the characteristic normal luminescence color. 
For other activators (Pb and Bi) the light sum stored on the trapping levels of 
one activator was emitted from the recombination centers formed by the other acti- 
vator. The results obtained cannot be explained if one does not assume that the 
activator ions, at least in some cases, are arranged in pairs. 


FLARE-UP OF ZnS PHOSPHORS AND COMPETITION OF THE LUMINESCENCE BANDS 
- N.A.Tolstoi, A.M.Tkachuk, V.A.Sokolov, A.V.Burlakov, 
A.I.Ryskin, Z.S.Mansurova & M.V.Epifanov 


The effect of flare-up of phosphors (initial burst of fluorescence) is con- 
nected with retrapping of electrons and holes, occurring during the dark interval 
between two successive excitations.! It follows from considerations of neutrali- 
ty that electron and hole levels must be involved in each trapping, both the first 
and the second. 

Obviously, the minimum number of levels necessary for realization of flare- 
up must be three, inasmuch as two levels can be common. 

Let us assume that the hole levels involved in the first and second trap- 
pings are ionized centers responsible, respectively, for the blue and red lumi- 
nescence, while the electron trapping levels are united or grouped into a single 
electron sticking level. The proposed scheme is essentially a variant of the 
familiar SchUn-Klasens® energy diagram and gives the following picture. 

Under steady excitation most of the equilibrium number of holes are located 
at deep centers (Fig.1). At the same time there are some holes at the red centers 
(the number of which must be much smaller than the number of blue centers), inas- 
much as the red centers are excited by the stimulated light and there is a trans- 
fer of holes from the blue to the red centers. 

When the exciting light is switched off the movement of holes from the blue 
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to the red centers continues. Holes ejected by heat from 
the blue centers into the valence band migrate through 
this band and (possibly after a number of restickings at 
blue centers) are caught by the deeper (for holes) red 
centers. The number of holes at red centers now becomes 
greater than in the equilibrium state under excitation 
red 7 by light, and, moreover, during the first instants there 
Blue ce ee: ‘2 are no holes capable of catching excited electrons at the 
a = ) blue centers. Thus the situation is ripe for flare-up, 
ZEB Z and upon switching on the light, the number of recombina- 
tions per second with ionized red centers will, during 
Fig.l. Energy diagram: the first instants, be greater than the equilibrium num- 
FB - filled band, CB - ber, i.e., there will be observed a flare-up or flash of 


conduction band, Hj - fluorescence. ’ 

first trapping hole Thus we see that the flare-up effect can be explain- 
w 2 

levels, Hg - second ed without recourse to the concept of the de-exciting 


trapping hole levels, action of the exciting light" (DAEL). This does not ex- 
ESL - electron stick- clude the possibility that DAEL does participate in the 
ing levels. formation of the flash in the form of an additional flow 

of electrons released from electron trapping levels; 
this, however, is difficult to prove, but there can be no doubt that DAEL is 
evinced in the effect of limitation of the number of electrons and holes involved 
in the first trapping. : 

If the stimulating light is not switched on and, consequently, the flare-up 
is allowed to 'over-ripen', the holes trapped at red centers will be released 
from time to time by heat into the valence band. Now migration of holes in the 
filled band will lead to the situation where the electrons on sticking levels will 
recombine with these holes and the phosphor will attain a final equilibrium state. 
But this process of recombination of migrating holes with trapped electrons must 
also take place when the holes are released from the blue centers and move toward 
the red ones, i.e., in the process of ripening. Hence there is reason to assume 
that the number of holes leaving the blue centers is greater than the number of 
holes caught by the red centers, i.e., that part of the holes is annihilated in 
the process of transfer from the blue to the red centers. If we assume that the 
number of holes reaching the red centers in the process of ripening is equal to 
the flash light sum and, consequently, is given by the area under the curve char- 
acterizing the flare-up, and the number of holes leaving the blue centers is 
given by the area above the blue flare-up curve, the difference between these 
two areas should characterize the number of holes lost or annihilated on the way 
from the blue to the red centers. Experiments show that for such phosphors as 
ZnS:Ni and ZnS:Co the number of holes reaching the red centers is approximately 
two orders of magnitude lower than the number of holes leaving the blue centers. 
In the case of ZnS:Mn phosphors the loss of holes during the first migration is 
appreciably smaller and under certain conditions may be negligible. 

The above described mechanism of over-ripening is not the only possible 
mechanism that may be hypothesized within the frame-work of the proposed scheme. 
If the depth of the electron trapping levels is greater than the depth of the 
blue hole levels, but less than the depth of the red hole levels, the over-ripen- 
ing will be accomplished by thermal release of the trapped electrons and their 
recombination with ionized red centers, still firmly retaining their holes. 

As is known, in ZnS:Mn phosphors there is evinced a unique competition be- 
tween the blue and orange bands, which has been investigated in detail in the 
work of Levshin et al5-9, We observed similar competition effects in all phos- 
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phors that exhibit flare-up. 
Let us consider the stationary luminescence of a phosphor of this type. 


Red luminescence 
Fol et athe eee Reese nee OAS! 


Let us assume at first that the temperature is low (in practice, a few de- 
grees below zero centigrade). Then the first trapping levels (in our case the 
blue centers) are filled to the limit (in the sense of DAEL) by holes at any ex- 
citation intensity, but there is virtually no transfer of holes from the blue to 
the red centers, inasmuch as the thermal energy is insufficient for release of 
holes into the valence band, The red centers are excited and acquire holes only 
by relatively weak direct excitation by the incident light. Hence in this case 
the red luminescence will be of low intensity and will depend linearly on E (curve 
Pein o. 2 alr 


Now let the temperature 


ee z a 5 Tos C be a bit higher (room tem- 
perature in practice). The 
_—s first trapping levels will 
: : 2 still be filled to the lin- 
f , it at all E, except the 


weakest, but there will al- 
so begin some migration of 
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centers and the same for all 


Fig.2. Theoretical dependences of the steady long E, except the weakest in- 
wavelength luminescence (red band) on the intensity tensities. Now the bright- 
of the exciting light E. ness of the red luminescence 


becomes greater (curve 3 in 
Fig.2,b) and can be represented as consisting of two components: one, linearly de- 
pendent on E (Fig.2,b, curve 1) and the second constant, i.e., independent of E 
in almost the entire range of variation of E (Fig.2,b, curve 2). 

Let us raise the temperature further (in practice, 10-209 above room tempera- 
ture). Now the first trapping levels will still be completely filled in a wide 
range of E, but the number of holes that transfer from the blue to the red centers 
per unit time will be appreciable (curve 2, Fig.2,c). The red luminescence will 
be greatly increased in intensity, and the dependence of the intensity on E be- 
comes sublinear (curve 3, Fig.2,c); although the curve characterizing the E de- 
pendence of the intensity is reminiscent of a curve approaching saturation, actu- 
ally this does not occur inasmuch as it always comprises a linear component. 

Let us increase the temperature a further 10-209. Now the degree of filling 
of the first trapping levels will be less than the limiting value, and these lev- 
els will lose holes so rapidly that with a slight decrease of E the equilibrium 
population of these levels will fall (Fig.2,d, curve 2), but the supplement to 
the linear red luminescence (curve 1) is very appreciable. The resultant curve 
3 is sublinear, but is less reminiscent of a curve tending to saturation, 

With further increase of the temperature (to wl00°) the holes depart so 
readily from the first trapping levels that the number of holes on these levels 
and, therefore, the rate of departure becomes proportional to E (curve 2 in Fig. 
2,e). The resultant curve 3 becomes the sum of two linear dependences (curves 1 
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Fig.3. Experimental dependences of the steady long wavelength luminescence on 
the intensity of the exciting light: a - ZnS:Mn (Cyn = 7.5°1074 g/g), b - ZnS: 
:Ag:Ni (Cag = 51073 g/g; Cy, = 10-5 g/g). 


and 2), i.e., becomes a straight line. Thus the E dependence of the red lumines- 
cence is no longer sublinear. 

If the temperature is raised still further, the resulting red luminescence 
intensity, remaining linear, must decrease (owing to temperature quenching). The 
reasons for this may be different: in particular, there may be a noticeable de- 
parture of holes from the red centers prior to radiative recombination of these 
with electrons; there may also develop nonradiative transitions in the lumines- 
cence centers. This is why we have represented curves 1 and 2 in Fig.2,d as 
straight lines with a smaller slope. 

The experimental curves for ZnS:Mn and ZnS:Ag:Ni phosphors are shown in 
Fig.3. 

Summarizing the discussed temperature behavior of the red luminescence of 
phosphors exhibiting flare-up, we can say that fundamental to the situation are 
two processes: the process of ripening and the process of over-ripening, both of 
which occur concurrently with excitation. 

If the holes ejected by heat from the blue centers can undergo repeated 
sticking at these centers before being caught by the red centers, the rate of 
their final transfer from the blue to the red centers will obviously depend on 
the concentration of the latter. Increase in the concentration of the red centers 
will act in the same direction as raising the temperature. 


Elue luminescence 


We established earlier? that the properties of the curves characterizing the 
build-up of blue and red luminescence are in a sense "contrary": ripening of the 
flare-up in the red band corresponds to slowing down of the build-up in the in- 
tensity of the blue band, i.e., in this band there forms a luminescence deficit, 

It is tempting to summarize the situation by saying that a photon is traded 
for a hole; in other words, departure of a hole from a blue center leads to loss 
of a "blue photon", while a hole arriving at a red center yields an extra "red 
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Fig.4. Temperature dependences 
of the steady blue and red lumi- 
nescence: a — ZnS:Ni - wurzite 
(Cyy = 5°10-6 g/g), b - ZnS:Ag: 
:Ni - sphalerite (Cag = 5-1073; 
Cyi 1074 g/g), ¢ - ZnS:Ag:Co: 
:Ni - wurzite (Cag = 5-103; 

Cyi = 1075; Cog = 2-10-74 g/g). 
All concentrations in g/g; b= 

= blue, r = red. 


photon’. We noted above, however, that the number of holes departing from the 
blue centers may be appreciably greater than the number of holes arriving at the 
red centers. But if these numbers are at least proportional, we can expect that 
the loss in steady blue luminescence brightness will be proportional to the incre- 
ment of red luminescence. Lack of proportionality with maintenance of qualita- 
tive "antiparallelism’ or competition between the red and blue luminescences 
would mean that the process of “loss'' of holes incident to their migration from 
the blue to the red centers is not as simple as pictured; for example, it may 
be hypothesized that the probability for loss of holes will depend on their nun- 
ber, the temperature and other factors. On the other hand, lack of clear-cut 
proportionality may mean that the luminescence mechanism of centers of one type 
(for example, blue) is such that for them the loss of a hole does not result in 
a proportional decrease in luminescence brightness. In any case, the right to 
assert the simple principle of "a photon for a hole" or the necessity of taking 
into account various complications can only be determined by experiment. Care- 
ful experiments have shown that proportionality between the decrement of blue 
and the increment of red luminescence is more fortuitous than a physical rule. 
Nevertheless, there is clear evidence for qualitative parallelism in phosphors 
exhibiting flare-up (Figs.4 and 5). 

Nevertheless, we feel that on the basis of the above data one can judge of 
the extent to which the red and blue luminescences are ''supplementary" or 'com- 
peting" in phosphors exhibiting flare-up. In the first approximation these emis- 
sions are "supplementary", although this is not substantiated in detail by ex- 
periment. This provides an answer to the above question of whether one must seek 
for complications to the simple scheme with migration of holes from the blue to 


the red centers. 


- 394 - 


-J 
Cun 10 
tp =10505 y 


Crp 10” 


ip TLS 


ae 


Rag ee 
Bad Kae 


K(I*_I min 
Fig.5. Relation between the decrement of lumi- 
nescence in the blue band and increment in the 
red band at different temperatures for ZnS:Mn 
phosphors. All the vertical and horizontal 
scales are the same. All concentrations are 
given in g/g; th = heating temperature, r = 
= red, b = blue. 


the DAEL. 


As we see, analysis of 
flare-up leads to better under- 
standing of some details of 
the mechanism of temperature 
development of luminescence and 
competition of different bands. 

We have already noted that 
filling of the first trapping 
levels is limited to some ex- 
tent by the de-exciting action 
of the exciting light (DAEL). 
This is proved by the fact that 
under normal conditions the 
flash does not depend on the 
strength of the preliminary 
excitation (sometimes in a very 
wide range of variation there- 
of) , but does noticeably depend 
on the wavelength of the ex- 
citing light. We used wave- 
lengths of 313, 365, 405 and 
436 mu and x-rays. The agree- 
ment of the curves character- 
izing the ripening of the flare- 
up pre-excited by light of dif- 
ferent wavelengths showed that 
in all cases the same system of 
trapping levels is involved, 
and consequently, the depend- 
ence of the flare-up on the 
wavelength is connected with 
the wavelength dependence of 


The existence of this effect imposes certain restrictions and impera- 


tives on the possible theories that might be formulated to describe the photo- 


conductive properties of sulfides, 
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CHARACTERISTICS OF CATHODOLUMINESCENCE AT HIGH EXCITATION DENSITIES 
- Yu.M. Popov 


In the present contribution we consider theoretically the processes responsi- 
ble for the two important distinctive characteristics of cathodoluminescence con- 
nected with high excitation densities, namely, a) the deviation from linear in- 
crease in brightness with increase of the excitation density (effect of satura- 
tion) and b) increase in the steepness of the cathodoluminescence afterglow decay 
curve with increase of the excitation density. 

It has been shown experimentallyl that saturation of the cathodoluminescence 
intensity is attained at high excitation densities even in the case when tempera- 
ture quenching (owing to overheating of the phosphor) is absent. 

In order to explain the effect of saturation not connected with temperature 
quenching we must invoke the process of triple recombination2;3, when after col- 
lision of two mobile current carriers, one of them settles on an impurity center, 
and the energy is transferred to another carrier, which loses it nonradiatively, 

relaxing with the crystal lattice. Inasmuch as the intensity of this process is 
proportional to the square of the density of the mobile carriers, while the in- 
tensity of the usual processes involved in luminescence (nonradiative and radia- 
tive recombination involving impurity centers) depend linearly on the carrier 
density, at high excitation densities there will predominate the nonradiative 
process of triple recombination, and this will hold down the linear growth of 
the luminescence brightness. Our calculations showed that the deviation from 
linear increase of brightness with excitation density occurs at an excitation 
density Qq = 1024 particles cm-3 sec7!, when the concentration of mobile carriers 
in the band attains a value N ~ 101% em-3, 

In the case of very high excitation densities, the luminescence intensity 
ii AV Og We calculated the variation of L as a function of Qg in the intermedi- 
ate or transition region. The character of the deviation from the linear law ob- 
tained agrees with that observed experimentally.} If it is assumed that elec- 
trons with an energy of 50 kev penetrate to a depth of 1073 cm, the theoretical 
excitation density at which there should occur deviation from the linear increase 
in brightness law (Qq ~1024 particles em73 sec7!) is attained at a current densi- 
ty i> 107-2 amp/cm » Which is in agreement with experiment.1 

We now turn to consideration of the possible reasons for increase in the 
rate of decay of the cathodoluminescence afterglow with increase of the excita- 
tion density. 

One reason for this effect is the relative increase in the light sum stored 
on the shallower trapping levels (as compared with the deeper ones) with increase 
of the excitation density. From the principle of detailed balance in the case of 
steady luminescence it follows that 
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where mi and “mz are the numbers of electrons per em? on trapping levels of the 
first and second kinds, respectively; vi and ve are the numbers of impurity cen- 
ters of the first and second kinds, respectively; Ak, and AF: are the distances 
of the respective trapping levels from the bottom of the conduction band; NV is 
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the concentration of electrons in the conduction band; mis the usual and m* the 
effective mass of the electrons; J is the temperature of the crystal. The only 
quantity in (1) dependent on the excitation density is the number of electrons a0 
the conduction band; this can be found by solution of the equations describing 
the kinetics of luminescence. We shall use the most general dependence of Von 
the excitation density, i.e., assume monotonic increase of N with increase of 
the excitation density. 

If AE: > Afi, then with increase of N the denominator of (1) will increase 
more rapidly than the numerator and the ratio ne/ny as a whole will decrease, i.e., 
increase of the excitation density leads to decrease in the relative number of 
electrons held on deeper trapping levels as compared with shallower trapping lev- 
els. Depending on the relation between vz and v1, with increase of the excitation 
density the increase in the relative number of electrons stored on the shallower 
levels need not necessarily lead to increase of the absolute increment in the num- 
ber on shallower levels. We note that this effect may obtain for all forms of 
luminescence, not only cathodoluminescence. 

The other reason for the-decrease of the light sum stored on deeper levels 
in cathodoluminescence is ejection of the electrons from trapping levels by fast 
electrons forming in the conduction band. Inasmuch as the question of the total 
exchange or utilization of the energy of the primary electrons is complicated, 
owing to the many-setp character of energy exchange in solids (exchange via second- 
ary, tertiary, etc. electrons) and is still obscure, we shall not consider this 
process. We assume that for all the electrons in the solid (primary, secondary, 
etc.) as long as their energy is sufficient for transfer of the electron from the 
valence band to the conduction band, the fundamental processes are ionization pro- 
cesses. We assume that as a result of action of the primary electron beam there 
are produced, within a time shorter than all the other characteristic times, 
electrons with a kinetic energy smaller than the width of the forbidden energy 
band. For the sake of simplicity we shall assume that the electrons obtained in- 
stantaneously as a result of complete ionization are monoenergetic, and denote 
their energy by 60. The probability for ejection of an electron from the k-th 
level as a result of ionization by a fast electron is given by 


w= | Y= Mw sear, (2) 
qk) 
where o{(@) is the cross section for ionization from the /-th trapping level by 
a conduction electron of energy ¢@, J) is the ionization potential of the k-th 
level, and dl’ is the level density in the conduction band. 
Thus calculation of W; reduces to finding the distribution function f (é) 

for electrons in the conduction band. The equation for the distribution function 
is of the form 


(a— 6) f+ q8(8—&)—j+u=0, (3) 


where (a —b)f is the collision integral, j; is the flux of electrons leaving the 
conduction band, and u is the flux of electrons entering the conduction band from 
the trapping levels. 

In the energy region of interest & kT (we assume that I) Ss kT) the last 
two terms in (3) will be small compared with the first two terms and can be dis- 
carded. Inserting the solution of (3) into (2), we obtain 
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where 0 is the maximum cross section for ionization of a hydrogen atom (we as- 
“sume the hydrogen-like model for the impurity centers); Ep is the Rydberg energy; 
M is reduced mass of the ions; ais the separation between neighboring ions; Ze 
is the charge of each ion; Q is the number of electron-hole pairs produced by the 
electron beam per sec in 1 em3; the factor y differs from unity owing to deforma- 
tion of the electron shells incident to vibration of the ions. 
Assuming the cross section for nonradiative recombination of an electron on 
a trapping level to be on, = 10-16 cm2, we find from (4) that the probability for 


ionization ejection of an electron from the k-th level is greater than the proba- 
bility for thermal ejection when 


Q is i ()28e—144) KT 


(5) 


It follows from Eq.(5) that with increase of the electron beam density the 
effect will be evinced first where the deepest trapping levels are concerned. 
If J) = 10 kT (T= 300°K) then with an accelerating potential V = 30 kev and a 
penetration depth / = 10-% cm condition (5) will be fulfilled for i~ 1074 amp/cem2. 
Inasmuch as the common cathodoluminophors are not predominantly heteropolar (ionic) 
compounds (y? < 1), the above evaluation for the necessary current density can be 
reduced to i= 10-5 amp/em?, Thus the described effect imposes a limit on the 
light sums stored on deep trapping levels, depending on the excitation density. 
The probability for ionization from trapping levels does not depend on the 
temperature, while the probability for thermal ejection decreases exponentially 
with decreasing temperature. Hence if at a certain temperature and excitation 
density the probability for ionization from trapping levels is comparable with 
the probability for thermal ejection of electrons, reduction of the temperature 
or increase of the excitation density will not result in increase of the light 
sum stored on these levels. 


"p,N.Lebedev' Physical Institute, 
Academy of Sciences of the USSR 
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EFFECT OF THE CHEMICAL NATURE OF THE FLUX ON THE LUMINESCENCE PROPERTIES 
OF ZINC SULFIDE AND ZINC-CADMIUM SULFIDE PHOSPHORS 
- A.,A.Bundel', A.A.Glagoleva, Z.I.Guretskaya, O.A.Danilevskaya, 
DouNai-Khua & L.N.Sokolova 


The purpose of the present work was to check Kroger's hypothesis according 
to which chlorine ions and trivalent metal ions act as coactivators in the syn- 
thesis of sulfide phosphors. 

Fixation of the flux cation in sulfide phosphors prepared with a halogen 
flux was observed by Randall? long before Kroger, Helligman & Smit? established 
the fixation of chlorine. We carried out quantitative determinations of Nat (by 
the uranyl acetate procedure), Lit (in the form of the sulfate after separation 
of the zinc with barium carbonate) and C17 (nephelometric procedure using AgC1) 
in ZnS:Zn, ZnS: 5*1074 Cu and ZnS:5-°10~° Cu phosphors heated at 950° in air with 
5% NaCl. After heating, the samples were etched in nitric acid to solution of 
approximately 20% of the material and then washed with water until tests for Cis 
were negative. The results of the analyses are listed in Table l. 


Table 1 


Content of flux anions and cations in synthesized phosphors, in g ion/g ZnS 


EEE Sa SararSEa 
Ratio: 


Phosphor ol Nat Li+ : me oe 

| 
ZnS — Zn(NaCl) 5, 16-10-20 % 4,55-10-§£15% — 0 88:1 ,00 
VANS ANCL) 5,10-10-6+22 % = 5 ,00=10 % | 0,98:1,00 
ZnS — 5-10-SCu(NaCl) | 1,6 -10-°+15 % 2,7 -10-6£13% = 1 ,69:4 ,00 
ZnS — 5-10-4Cu(NaCl) | 4,0 -40-%+25 % 2,7 dO 215% = 0,68:4 ,00 


Thus it was shown that in the synthesized phosphors, simultaneously with the 
chlorine ions, there are fixed the monovalent flux cations in an equivalent amount. 
This proved that the chlorine ions cannot play the role of a coactivator with re- 
spect to the introduced activator. 

Kroger? bases his hypothesis regarding the role of A13* as coactivator on 
purported observation of variation of the luminescence spectra of ZnS:Ag:Al phos- 
phors heated in HjS at 1200° with the ratio of the Al3+* and Agt concentrations in 
the initial batch. Kroger reports that when Cais+ > Cag+, the characteristic band 
of zinc is present in the spectrum and that this band weakens with increase of 
Cag+, and disappears when C,4)=Ca,g:. The higher the initial A13t concentration, 
the higher the concentration of Agt at which the zinc band is suppressed. 

Investigation of the luminescence spectra of ZnS:Ag:Al phosphors prepared 
precisely by the procedure described by Kroger did not substantiate his observa- 

tions: the zinc band in the presence of Al is sup- 
Table 2 pressed by heating in HoS at exactly the same Agt 
Luminescence brightness of concentration (1°1074 g/g ZnS) as in the case of 
self-activated phosphors heating with NaCl in air without Al in the batch. 
The only fact correctly described by Kréger is 


Flux sec sedate that in the presence of aluminum the zinc band 
POT ier | soot | M00" does not undergo quenching as a result of heating 
3% NaCl 1001 100 | 400 | 400 in HgS. However, the brightness of this band is 
None 3} 5 63 88 substantially lower than in ordinary self-activated 
eens ie a (é phosphors heated in air. 
0,25% NasHPO, | 82) 50 | 442 | 444 According to Kroger, Al(NO3)3 added to the 


batch decomposes with the formation of Al903, which 


converts to AljS3; the aluminum sulfide then dis- 
solves in the ZnS, and the A13+ ions are located 


at cationic sites, replacing Zn2+ ions, and thus compensate the shortage of posi- 
‘tive charges resulting from replacement of Zn2t by Agt ions. 

This mechanism, proposed speculatively by Kroger, was checked by us in stages. 
A1203, obtained by decomposition of A1(N03)3 at 350° was heated in HoS by the 
method of a boiling layer for 1 to 3 hours at 1200°. Analysis of the product 
showed that not more than 1% of the Alo03 transforms to the sulfide. Consequent- 
ly, Kroger's hypothesis was disproved at the initial stage. It might be assumed 
that Al903 is capable of dissolving in ZnS as such. To check this, 50 g of phos- 
phor prepared by heating in HoS at 1200° from a batch containing 3°1074 mole 
A1(NO3)3 per 1 mole ZnS was dissolved in 15% HCl. The undissolved residue con- 
sisted of Al903, and amounted to approximately 86% of the material. 

Thus A13* cannot be a coactivator in the zinc sulfide phosphors inasmuch as 
no AlgS3 is formed, while Aloj03 does not dissolve in ZnS. Despite the fact that 
the aluminum oxide is present in the form of a separate phase, it does exert a 
strong influence on the process of crystallization. The mean size of the crystals 
obtained in the presence of Alo03 in heating in HoS and in heating in air with 
NaCl was 4-8 times smaller than in the absence of the aluminum oxide. 

It must be noted that phosphors with a normal spectral composition and lumi- 
nescence yield are also obtained with fluxes that cannot possibly supply coacti- 
vator ions; this will be evident from the data of Table 2. 

Thus, although we reject Kroger's hypothesis that in zinc sulfide phosphors 
chlorine and aluminum ions can play the role of coactivators, we cannot at present 
advance any definitive inferences regarding the mechanism involved in the influ- 
ence of different additives. Presumably this mechanism consists in action of the 
additive on the process of formation of the host material. 


References 


1. J.T.Randall, Trans.Faraday Soc., 35, 2 (1939). 
2. F.A.Kroger, J.Helligman & N.Smit, Physica, 15, 990 (1949). 
3. F.A.Kroger & J.Dikhoff, Physica, 16, 297 (1950). 


DISCUSSION 


A.M.Gurevich: It is possible that an appreciable fraction of the chlorine 
found in analysis of the phosphor belongs to the flux that is not removed fully 
despite careful and thorough washing of the phosphor. The results of chemical 
analysis have not hitherto been regarded as decisive proof that chlorine is a 
coactivator. Proof of this must be sought in investigations of the dependence 
of the optical properties of phosphors on the conditions of synthesis and, in 
particular, investigations of ZnS:Cu single crystals and self-activated ZnS sub- 
limate phosphors (see report of E.Ya.Arapova in the present issue of the Bulletin). 

It must be borne in mind that the concentration of luminescence centers may 
be not proportional not only to the total chlorine concentration as given by ana- 
lysis of the phosphor but also to the number of C17 ions that are actually in- 
corporated into the lattice, inasmuch as in all probability associated electric 
neutral formations of the type C1~[JC1~ or AgC1 do not form luminescence centers. 
(See the work of Prener and Williams.) As for the equivalence in the concentra—_ 

tions of the flux anions and cations disclosed by analysis, first, as will be he 
| dent from the data given in the report under discussion, this equivalence at 5°107 
Cu and also in the case of use of NaCl as flux is disturbed in favor of the anion, 
and, second, the flux cation may belong not only to the flux but also to the pro- 
ducts of its reaction with ZnS. 
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CONCERNING THE INFLUENCE OF FLUX ON THE OPTICAL PROPERTIES OF ZINC SULFIDE 


PHOSPHORS 
- A.M.Gurvich 


At present it may safely be asserted that, contrary to earlier concepts!, the 
effects of the chlorides of alkali and alkaline earth metals, commonly employed 
as fluxes, is not restricted merely to formation of a liquid phase accelerating 
the recrystallization of the host sulfide. eee 

In the process of heating there occurs formation of zine chloride as well 
as of the chlorides of cadmium and the metals introduced as activators zee the 
initial batch, for example, AgCl and CuCl. Thermodynamic analysis showed? that 
jn most cases there does not occur an exchange reaction between the sulfides of 
heavy metals and the chlorides of alkali and alkaline earth metals.2:3 The forma- 
tion of heavy metal chlorides is a consequence of the oxidizing roasting in which 
the oxygen of the air participates, for example: 


ZnS + 2NaCl + 20g = ZnCly + NaoSOq. (1) 


This is indicated by the presence of a large amount of soluble sulfate in 
water extracts from sulfide phosphors prepared with flux and not washed to remove 
the excess flux. This cannot be explained by oxidation of ZnS to ZnSO4, inasmuch 
as the latter decomposes completely at sintering temperatures with the formation 
of Zn0.° Oxidation of sulfides in roasting without flux usually goes to the re- 
spective oxides.® Fluxes such as NaCl, on the one hand, act as accumulators of 
oxygen, owing to the ease with which reactions of type (1) proceed and, on the 
other hand, covering the surface of the sulfides, they inhibit direct oxidation 
leading to formation of the oxides. 

Our chemical analyses showed that after 20 minute heating of ZnS with 5% by 
weight NaCl at 11009, the flux phase has the following molar composition: 0.81 NaCl, 
0.07 ZnClo and 0.12 NagS04. The concentrations of ZnClo and NaoSO4 differ owing 
to partial volatilization of the former. The flux phase of a luminophor heated 
under the same conditions for 3-5 min has approximately the same composition. 

The interaction of sulfides with halogenous fluxes consists not so much in 
"eating away’ of the sulfide surface, as was assumed by early investigators2>3, 
as in formation of the chlorides of the activators (AgC1, CuCl), in which form 
these are readily incorporated into the ZnS lattice. In contrast to silver and 
copper sulfides, the monochlorides of these metals have the same chemical formula 
as ZnS, which is one of the necessary criteria for their isomorphous solution, 
which can also occur with different valence of the particles (so called mixed 
crystals of the "new kind”). The relative facility with which solid solutions 
of such substances form in the case of ionic crystals is conveniently treated from 
the standpoint of the principle of "charge compensation".8 In the case of ZnS—CuCl 
there also obtains similarity of structure, i.e., of coordination and polarity of 
the bonds. 

A significant role is played, probably, by the fact that the chlorides of 
silver, copper and zinc have, as compared to their respective sulfides, a lower 
melting point (the melting points of AgC1, CuCl and ZnClo are, respectively, 455°, 
422° and 283°), which accelerates their diffusion into the depth of the crystal. 
The fact that ZnS phosphors (including self-activated) form in general even with- 
out flux? cannot be regarded in the light of the considerations set forth by BubelO 
and Prener & Williamsll as, disproof of the above described role of the flux in 
formation of crystal phosphors. 

Formation of AgCl and CuCl occurs at a relatively low temperature (~ 3002) ,12,1 
Once formed, they can enter into exchange interaction with ZnS with the formation 
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Influence of the nature of the flux on of the corresponding sulfides.° This 


the photoluminescence intensity process may be retarded to a greater or 
Oexcit = 365 my) lesser extent depending on the condi- 
of cub.-ZnS:0.1 Ag-20' phosphor tions of synthesis: its duration and 
" temperature, the nature and concentra- 
aeoke te peepee oe eal io tion of the flux, etc. 
Py wt. ,% He ee | ee In the case of ZnS:Ag phosphors 
7 | | | _ this leads to different degrees of 
NaCl 5 04 | 38 change in the intensity of luminescence 
NaCl ety 83,5 53 in going from the optimum Ag concentra- 
Nat 4 | ne tion to an excess of the activator (see 
Kal | - hh 89.5 table), inasmuch as AgoS forms on the 


crystal surfaces a filtering layer that 
absorbs the light emitted by the lumino- 
*In percent relative to the intensity phor (cf Ref.14). The ability of molten 


of the luminophor with the optimum Ag rock salt (in contrast to KCl) to dis- 
content. solve unlimited amounts of AgCl (Ref.15) 
**kIn percent relative to the intensi- apparently plays a significant role in 
ty of the unwashed luminophor. retarding the transformation of AgCl to 
AgoS. 


We established that the appearance of the blue luminescence band of ZnS:Cu 
phosphors containing relatively large amounts of copper precedes, as a rule, the 
appearance of green luminescence (Fig.1). Thermodynamic analysis and comparison 
of the factors favoring the course of the process 


2CuCl + ZnS = CugS + ZnClo (AZnj 1 090¢ = -21 kcal/mole), (2) 


in one direction or the other, with the factors favoring the appearance of the 
green and blue luminescence bands led us to the conclusion that the transition 
from green to blue luminescence is connected with reaction (2) proceeding to the 
side of formation of CugS in the greatly "loosened" ZnS lattice.* 

Chlorine is necessary for the formation of the blue copper band in ZnS:Cu 
only in so far as CuCl is more readily incorporated into the ZnS lattice than 
CugS. The rate of conversion of CuCl to CugS is the greater, the higher the con- 
centration of Cu and,consequently, of CuCl in the ZnS phase. Process (2) is also 
accelerated by the presence of flux. 

The nature of the flux also has a substantial influence on the process of 
formation of phosphors and their properties. It was established that MgClo has 
a specific effect on ZnS phosphors, evinced in change in the intensity and spec- 
tral composition of their emission (Fig.2) with simultaneous decrease of the aver- 
age crystal size. Owing to high temperature hydrolysis and also due to oxidation 
within the first minutes of heating, the predominant part of MgClo present in the 
patch transforms to MgO. Thermodynamic analysis showed, in addition, that in con- 
trast to other chloride fluxes MgCly is capable of exchange interaction with ZnS: 


McGly - ZnS = MgS - ZnCly WZ2y9909 = 72-9 kcal/mole). 


MgS dissolves in ZnS (see Ref.3), attaining a concentration of the order of 0.6- 
0.7 mole percent (in heating ZnS with a mixture of NaCl and MgO in an amount equi- 
valent to 7% MgClo (relative to the weight of znS), the fraction of MgO not washed 
out by acetic acid amounts to not more than 0.2 mole percent). The small size of 


*This matter will be discussed in more detail in a separate publication. 
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Fig.2. Energy distribution in 
the photoluminescence spectrum 


AE AE ARIE QP TS LL of "self-activated” hex.-ZnS 
Ch luminophors obtained by heating 
Fig.l. Energy distribution in the roentgeno- with fluxes: 1 - 7% NaCl, 2 - 
luminescence of hex.-ZnS:0.05 Cu (5 NaCl) 6% NaCl, 1% MgCloy, 3 - 4% NaCl, 
phosphor heated for 1 - 2 min, 2 - 4 min, 3% MgClo, 4 - 2% NaCl, 5% MgClo, 
3 - 10 min, 4 - 20 min, 5 - 30 min. 5 - 7% MgClo. 


the Mg2*+ ion facilitates incorporation of the coactivator - C1™ ions - into the 
ZnS lattice, counteracting in the process association of oppositely charged de- 
fects.* This gives rise to increase of the luminescence intensity owing to in- 
crease in the concentration of defects participating in the emission process, for 
example: [AgS4], [CuS4}, and[{}C1s3], (J denotes a cationic vacancy). At the same 
time the total concentration of activator and coactivator in the ZnS phase may not 
increase (cf. Ref.16). 

In view of the results of thermodynamic analysis mentioned at the beginning 
of this report,it is clear that oxygen is necessary for the appearance of lumines- 
cence (in the presence of a flux) only in cases when there are not formed in its 
absence zinc, copper, and silver chlorides that readily incorporate into the ZnS 
lattice. This is why blue luminescence does not appear as a result of heating ZnS 
with sodium chloridet,16,17, whereas in heating ZnS in the presence of A13* (Ref. 
18) or HCl (Ref.17) there forms the normal "self-activated" ZnS phosphor. 

On the other hand, in certain cases, acting as a desulfurizing agent, oxygen 
gives rise to formation of sulfur vacancies which facilitate diffusion of the acti- 
vator sulfide, for example, CuoS, into the ZnS lattice. 

Lastly, participating in the reactions of type (1), oxygen facilitates "eat- 
ing away" of the surface of the ZnS crystals (cf.Ref.3). Only in this sense can 
one speak of the mineralizing action of oxygent7, 

The solubility in the flux of the chlorides of heavy metals-activators has 
a substantial influence on their concentration in the host phase. For example, 
by inhibiting volatilization of ZnClo, NaCl facilitates saturation of the ZnS 
phase with zinc chloride and hence contributes to increase of the luminescence 

*This example shows that detection in the host phase of the flux cation to- 


gether with its anion cannot be regarded as proof that the anion is not a "co= 
activator”, 
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brightness. The activator concentration in ZnS depends on the nature of the flux 


(its anion) also because different halide activators differ from each other as 
regards volatility. 

In the process of washing out the flux with water the chlorides dissolved in 
it interact with the ZnS and thus produce changes in the optical and other proper- 
ties of the phosphor owing to the formation of light absorbing sulfides, for ex- 
ample, AgoS (Ref.5). In the case of MgClo these changes are insignificant or ab- 
sent (see table) inasmuch as transformation of MgClo to MgO is accompanied by 
evaporation of the excess AgCl; in the case of KCl the changes are also minor be- 
cause almost all the excess AgCl is converted to AgeS in the process of heating. 

Thus both the process of heating and the subsequent washing of the phosphor 
to remove the flux are accompanied by a number of different chemical reactions, 
the character of which depends on the nature of the flux and which therefore exert 
different effects on the properties of the final phosphor. 

I desire to express my gratitude to T.A.Sokolov for assistance in the work. 


State Scientific Research Roentgenoradiological Institute, 
Ministry of Health of the RSFSR 
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INFLUENCE OF FLUXES ON THE PROPERTIES OF ELECTROLUMINOPHORS 
- M.A. Berchenko 


Fluxes play a significant role in the process of formation of sulfide, sul- 
fide-selenide and selenide phosphors. The use of fluxes in synthesis of phosphors 
was proposed many years ago by Lenard and his school!., The halogen compounds of 
alkali and alkaline earth metals when used as a flux or mineralizer serve to re- 
duce the roasting temperature and thus exert an influence on the size of the phos- 
phor particles, favor a more uniform activator distribution and increase the 
brightness of the phosphor. 

Many authors assert that halogen fluxes, penetrating directly ie the crys- 
tal lattice, play a significant role in producing luminescence centers and also 
in the formation of charge compensators’, It is said that halogen fluxes form im- 
purities of the donor type4 and may produce disturbances of the lattice, Levshiné 
notes that even in the case of phosphors from which the flux can be washed out, 
residues of the flux remain in the phosphor and together with the deformations of 
the crystal lattice produced by the flux affect the luminescence of the phosphor. 

Little attention has been paid hitherto to the role of fluxes in determining 
the color of the emission of Cu activated zinc sulfide phosphors and of other 
phosphors with a number of emission bands. In an early study by Gugel'’ there 
are indications that fluxes can affect the emission spectrum of phosphors and the 
character of the photostimulated phosphorescence. Whereas, Glaser, Randall & 
Guntz inferred that the specific influence of fluxes is due to the anions (C17, 
Br~ and I”; reportedly, F~ ions are relatively ineffective) , Gugel' and the writer® 
showed that different flux cations with the same halogen can significantly alter 
the emission color of the phosphor under cathode-ray excitation. 

Unfortunately, the role played by the flux in determining the emission color 
of phosphors is far from clear. In fact, at present the choice of flux most suit- 
able for obtaining a phosphor with desired properties is more or less empirical. 

The purpose of the present work was to investigate the influence of flux cat- 
ions and anions on the emission color of phosphors excited by an electric field. 

For the purposes of the present investigation we used the following basic 
batch formulation: ZnS (100%), 0.2% Cu, and 0.025% Al. This basic mixture was 
heated with chloride, bromide and 
iodide fluxes in which the cations 
were the elements of Groups I and II 
of the periodic table. The batches 
were heated in quartz tubes follow- 
ing the procedure proposed by Kazan- 
kin, Pekerman & Petoshina?. 

It is known that the amount of 
halogen flux introduced into the 
batch may have a substantial influ- 
ence on the emission color of elec- 
troluminophors.10 In order to ex- 
clude the influence of different 
amounts of halogen introduced with 
different fluxes, we added the same 
proportion of flux to each batch, 

namely, 3.3+10-3 ¢ halogen per g Zns. 
4000 4600 5200 5800 5 ee Under excitation by a 200 v, 400 
se cps electric field the luminophors 
Fig.l. Influence of flux cations (chlorides) obtained with different fluxes yield- 
on the electroluminescence spectrum. ed green, green-blue and blue lumines- 
cence, 
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The electroluminescence curves 


ah are shown in Figs.1, 2% 3. It fol- 
100 lows from the experimental results 
] that the variation in the color of 

NEL the phosphors is explained by redis- 

50 —x—-x— NaBr tribution of the emission energy be- 


—o—e— N 
| tween two principal bands and that 


this redistribution is affected not 
only by the anion but also by the 
cation of the flux. 

This is clearly evident in the 
case of chloride fluxes (Fig.1). 
The spectrum of the electrolumino- 
phor obtained with HCl as the flux 
has one clearly pronounced peak at 
5200 A, The emission color is green. 
In the case of the phosphor obtained 
with NaCl flux, in addition to the 
principal peak at 5200 iS, there be- 


60 


40 


20 


4000 2600 5200 5600... 6400 


Ore ins to appear a second peak at 4650 
Fig.2. Influence of the flux anions (sodium k and the overall luminescence is 
halides) on the electroluminescence spec- blue. With KCl flux there is obtain- 
trun. ed a luminophor with the principal 


emission peak at 4650 A and, finally 
with CsCl flux there results a lumino- 


\ | phor in the spectrum of which the 


L,% 
100 


NaI blue band predominates and the green 
\\ a band is almost completely suppressed. 


as ME A similar variation is obtained for 
\ the chlorides of elements of Group II. 
60 For phosphors fluxed with the 
bromides of Group I elements there 
\ is observed the same regularity in 
40 x the redistribution of the energy be- 


tween the bands as a function of the 
flux cation, but the intensity of 

the blue band increases more rapidly. 
Thus with NaBr the principal emission 
peak, in contrast to the case of NaCl, 
is in the region of the green rather 


(ae 


> 
4000 4600 5200 5800 6400 than the blue band (Fig.2). 
sr S Iodide fluxes (Figs.2 & 3) also 
Fig.3. Influence of flux cations (iodides) conform to the above regularity, but 
on the electroluminescence spectrum. with them the green band is suppres- 


sed even more than with the bromides. 

For Nal flux the maximum of the green band amounts to only 50% and for KI flux to 
only 30% the maximum of the blue band. In the spectrum of the electroluminophor 
prepared with Balog the green peak is almost completely effaced. 
An exception to the above regularity was observed for the electroluminophor 

obtained with CaBrg9. This may be explained as follows. In investigating the in- 
fluence of fluxes on the lattice constant, Pringsheimll showed that in the case 
of fluxes containing calcium in the presence of sulfate ions there are obtained 
phosphors with a reduced lattice constant, as in the case of mixed (Ca,Zn)S phos- 
phors, and the luminescence spectrum proves to be similar to that of the mixed 
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phosphor. This is due to exchange 


| Color coordinatcs | Brightness, of the calcium and zinc Aon ; Bee 

MoreCroup ee 1 Ay | y arb.units celerated by the catalytic action 
l of the sulfate ions. 

4 HCl 0,22 0,59 a The variation of the spectral 
g ee one on 10,0 characteristics depending on the 
4 KCl 0,17 0,32 9,0 nature of the halogenous flux can 
: i Sue (De O28 ves be explained on the basis of the. 
C Libs oe Bees re work of Larach!2, who showed that 
; ee ae 0/30 7.0 the amount of copper incorporated 
9 NaJ 0,17 0,24 3,8 into the host lattice depends on 
10 KJ 0,45 0,20 2,9 the halogen of the flux, decreas- 
14 BeCl, 0,20 On aa 20,0 ing in the series Cl—Br—I. 
12 MgCl, 0,19 0,56 32,0 It must be noted that the 
uy erat ae von | oe curves given by Larach for the 
15 II BaCle 0,17 0,32 1,0 spectral distribution of the elec- 
16 ZnCl» 0,21 0,64 37,0 troluminescence for the Cl—Br—I 
ef cae: wet 0,07 32,0 series do not take into account 
‘ Oe v2) 0,54 17,0 the influence of the cation, in- 
19 SrJ2 0,15 0,20 7,0 asmuch as all the halides were 
= aol we os ta introduced with one and the same 
a NACI 0,20 | 0,09 | 16,0 cation. As will be evident from 
S ae ae iE ee our curves (Fig.1), however, the 


character of the luminescence 
curve is affected not only by the 
anion but also by the cation. 

We calculated the color coordinates for all the synthesized phosphors (see 
table). 

It follows from the values of the color coordinates and the recorded electro- 
luminescence spectra that the flux cations and anions affect the luminescence 
color of the phosphor as a consistent function of their position in Mendeleev's 
periodic table. 

1. The lower the cation in Mendeleev's table, the greater the shift of the 
emission to the short wavelength side. For example, the color of the electrolu- 
minophor obtained with NaCl flux will be greener (z= 0.18; y = 0.40) than the 
color of the electroluminophor obtained with CsCl (x = 0.17; y = 0.26). 

2. The lower the flux anion in the periodic table, the greater the shift of 
the emitted light to the short wavelength side. For example, the color of the 
electroluminophor prepared with KCl will be greener (zx = 0.17; y = 0.32) than that 
of the luminophor prepared with KI flux (x= 0.15; y = 0.20). 

3. The further to the right the cation is situated in the Mendeleev table, 
the greater the color shift into the long wavelength region. 

4, With introduction of different fluxes in which the anion is C17! and the 
cations are elements of Groups I and II, in going down the group columns there 
is observed repetition in the character of the luminescence curves. Thus the 
character of the curve of the phosphor prepared with HCl agrees with that for the 
phosphor prepared with BeClo; the character of the spectral curve for the phos- 
phor prepared with LiCl is similar to that of the luminophor made with MgClo, etc. 
This means that knowing the character of the emission curve for an electrolumino- 
phor prepared with a flux the cation of which is an element of Group I, one can 
identify the corresponding element of Group II which will result in the formation 
of an electroluminophor with a similar emission curve. 

As a result of our experiments we were able to systematize the halogenous 
fluxes for the ZnS:Cu:Al system from the standpoint of their influence on the 


~ 
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emission color as a function of the i 
' positions of the fl i 
: ux cation and anion in the 

I desire to express my gratitude to M.F.Gorbenko and N.I.Solomko for assist- 


ance in synthesizing the luminophors and to V.P.Martynova for carrying out some 
of the measurements. 


Special Design Bureau, 
L'vov Electric Lamp Plant 
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DISCUSSION 


A.M.Gurvich: Our observations also show that the nature of the flux may in- 
fluence the luminescence of ZnS:Cu phosphors with a high copper concentration. 
Thus in the case of brief (15-20 min) heating of ZnS + 0.05 Cu with MgClo there 
is obtained a phosphor the luminescence band of which lies in the region of long- 
er wavelengths than the case of the phosphor fluxed with NaCl. Increase of the 
heating time by a factor of 2-3, however, results in phosphors with similar luni- 
nescence characteristics. We assume that these effects are due to the influence 
of the flux on the kinetics of the process 


2CuCl + ZnS = CuoS + ZnClo 
which is involved in the transition from green to blue luminescence (see our re- 


port). 
Hence I feel it would be expedient to continue the work reported on by M.A. 


- Berchenko in the direction of more extensive variation of the heating conditions, 


namely, the duration and temperature of heating, the flux concentration, etc. 
This may help establish the reasons for the observed effect. 
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EFFECT OF HIGH PRESSURES ON THE FORMATION OF CRYSTAL PHOSPHORS 


AND THEIR PROPERTIES 
- S.1I.Kunenkov 


Investigation of the effects of high pressure is of great interest in many 
fields of science and technology, including that of luminescence. Chemical re-= 
actions in all physical states are generally accelerated and the solubility and 
permeability of substances are increased under pressure. Many substances under 
high pressures change to other polymorphous forms with entirely different bropets 
ties. Many cases are known when the structure formed under high pressure persists 
after removal of the pressure. For example, it has proved feasible by means of 
pressure to obtain a new modification of quartz - koerzite - which is cmpe Tg Cue 
to the action of even hot hydrochloric acid. White phosphorus with a melting 
point of 44° under pressure transforms irreversibly to the black ee cae with 
tmelt = 10009; the electric conductivity of this phosphor is 10 times higher 
than that of the white form. Under high pressure wurzite transforms to sphalerite 
even at room temperature. Diamonds have been synthesized by means of high tem- 
perature and high pressure in Sweden and the USA. One can cite many other instan- 
ces of the preparation of different substances with the aid of high pressures! 2, 

There have been a number of studies of preparation of phosphors under pres- 
sure3-8, It is reported that at high pressures one can realize phosphors that 
are not obtainable under the usual heating conditions. Using pressure, Fischer? 
prepared zinc sulfide phosphors in the form of large crystals. 

For purposes of the present investigation we chose the phosphor familiar to 
us from previous work, namely, ZnS°CdS:Ag. In preparing the specimens we used 
quartz tubes which were connected to the nitrogen tank and a pressure gage by 
means of a special adapter. In these tubes we prepared phosphors at temperatures 
up to 1000° and nitrogen pressures up to 60 atm. Batches having the composition 
55ZnS - 45CdS: Ag (1074 g/g) without flux were heated at temperatures of 450, 500, 600, 
700 and 800° for 30 min at a nitrogen pressure of 60 atm. At the same time an 
identical batch in the same type of tube was heated at the same temperatures, also 
for 30 min, but at a nitrogen pressure of 1 atm. The results of these experiments 
are shown in Fig.1; the luminescence was excited by cathode rays; the intensities 
were compared with that of the yellow K-50 commercial phosphor produced by the 
"Krasnyi khimik"” (Red Chemist) Plant. 

As a result of heating at 450° under high pres- 
p=60 atin sure there was obtained a luminescent phosphor, where- 
as the brightness of the phosphor obtained at the 
same temperature but at atmospheric pressure was nil. 
With increase of the heating temperature the bright- 
ness of the phosphors obtained at 1 and 60 atm pres- 
sure increases, attaining a maximum at a temperature 
400 450500 600 700. b00L of about 600°. With further increase of the heating 

temperature the luminance decreases. At all tempera- 


Fig.l. Variation of the tures, however, the brightness of the phosphor pre- 
luminance with heating pared under high pressure is greater than that of the 
temperature for phosphors corresponding phosphor prepared at atmospheric pres- 
prepared at different sure. The brightest phosphor obtained in our experi- 
pressures. Batch compo- ments at a pressure of 60 atm, exceeds the brightness 
sition 55ZnS°45CdS:Ag of the industrial K-50 phosphor which we used as the 
(10-4 g/g). The lumi- reference, but the grain size of the high pressure 
nances are referred to phosphor is appreciably smaller. The following is 

as industrial K-50 the grain-size composition of the phosphors (in mi- 


phosphor. crons): 
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Phosphor prepared at 
t = 600°, p = 60 atm, (I = 103.7%) 


Commercial K-50 
phosphor (I = 100%) 


‘LOnOso 25% LOmORn GO 16% 

HProme0.o to 0, 71 52.6% From 0.76 to 0.96 25.2% 
From 0.71 to 0.88 15.2% From 0.96 to 1.1 55.1% 
From 0.88 to 1.0 10% From 1.1 to 1.5 3.4% 


The persistence of these phosphors is short and virtually does not change 
with the preparation pressure. The maximum of the luminescence spectrum of phos- 
phors heated under pressure at low temperatures (up to 700°) is shifted somewhat 
to the side of shorter wavelengths. In the case of heating at a temperature of 
800° the luminescence spectrum does not change as a result of heating under pres- 
sure, 

When the batch is heated with flux (2% MgClo & 2% NaCl) in nitrogen at a 
pressure of 60 atm luminescent phosphors form at heating temperatures from ~350°,. 
The luminance versus heating temperature curves for the fluxed phosphors prepared 
under high pressure and atmospheric pressure do not have a maximum. In all cases 
the phosphors synthesized under high pressure are brighter than those obtained 
under atmospheric pressure, but in the range of high temperatures the difference 
minor. 

We also prepared phosphors at higher pressures using a heated steel auto- 
clave into which we placed quartz crucibles containing the test batches. In this 
manner we prepared 55ZnS-45CdS:Ag(10-4 g/g) phosphor without flux at nitrogen 
pressures from 1 to 1200 atm; the heating temperature in all cases was 4509, 

The luminance of these phosphors was measured 


44 with excitation by 365 mu ultraviolet. The results 
are shown in Fig.2. It will be seen that with in- 
4 ae Me crease of pressure the brightness of the phosphors 
rises up to a pressure of 400 atm, and then decreas- 
18 es. 
< Preliminary experiments involving heating of 
10 batches of the same composition at 600° showed that 
200 400 600 800 f000 1200 increase of the pressure to 300 atm results in slight 


p, atm increase of the brightness. Further increase of the 
Fig.2. Variation of the lumi- pressure with this heating temperature has virtually 
nance of 55ZnS * 45CdS: Ag (1074 no effect on the brightness, which was high for all 
g/g) phosphors as a function samples prepared at this temperature. 
of the synthesis pressure; On the basis of the present experimental data 
heating temperature 450°. we cannot venture to give a rigorous theoretical 

explanation of the influence of pressure on the pro- 
cess of synthesis. In preparation of ZnS°CdS:Ag phosphors without flux at a tems 
perature of 450° pressure undoubtedly affects the structure of the phosphor; this 
structure persists after removal of the pressure. Comparison of the x-ray dif- 
fraction patterns for samples prepared at 450° but different pressures shows that 
the samples obtained at a pressure of 400 atm have a structure differing from 
that of samples synthesized at atmospheric pressure. At a heating pressure ae 
600°, however, pressure does not affect the structure of the phosphor: x-ray dif- 
fraction patterns obtained for phosphors prepared at this temperature and differ- 
roved to be identical. 

os ees 3 express my gratitude to V.L.Levshin for his interest in the work 
and N.V.Mitrofanova for assistance in carrying out the experiments. 
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DISCUSSION 


B.1I.Maksakov: Kunenkov in his report showed that the simultaneous influence 
of heat and high pressure leads to substantial changes in the properties of sub- 
stances, distinguished by the ability to dissociate even at low temperatures. 
Such a substance is zinc sulfide. 

In our laboratory there was developed a procedure for crystallization from 
the melt of cadmium sulfide, a substance that has many properties similar to zinc 
sulfide. In the experiments we used a pressure of the order of 1500 atm. At these 
pressures prolonged holding of the material in the molten state does not result 
in any substantial changes in its stoichiometric composition. Crystallizing the 
material under these conditions, we did not notice any changes in its crystal 
structure. The resultant crystals have the same structure as the initial powder, 
namely, hexagonal. It was found that in order to obtain high quality crystals 
it is desirable to subject the material to vacuum distillation beforehand. Using 
cadmium sulfide purified in this manner we were able to perfect large crystals 
with a high degree of transparency and a resistivity of the order of 109 ohm/cm, 


SPECTROSCOPIC ANALYSIS OF SOME LUMINESCENCE-PURE MATERIALS AND LUMINOPHORS 
~ L.A.Dvorzhetskaya, L. Ya.Khlebnikova & M.K.Shvaneva 


In the present report we give the results of work in the phosphor laboratory 
in the State Institute of Applied Chemistry on the use of emission spectrum ana- 
lysis for determining impurities in luminescence pure substances and phosphors. 
Most of the work was concerned with zinc sulfide. In analyzing this material we 
used the method of direct spectrum analysis developed by Kibisov and his co- 
workers!,2 and the procedure of preliminary chemical enrichment.3,4 In analyzing 
the other substances we used only the method of direct spectrum analysis; as far 
as we know, this is the first time emission analysis has been used for determina- 
tion of impurities in luminescence-pure materials of this type. 

We used the common spectroscopic procedure of complete evaporation of the 
sample from the crater in a carbon electrode burned in a de arc. The instrument 
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Table 1 
—— 
| 105-C, 9 
Analyzed substance Method : 
cu | Fe | wi | co | wm 
| 
ZnS Direct 0,5 5 5 10 5 
ZnS Chemical cnrichment |0,001| 0,4 | 0,2 | 0,4 | — 
ZnS Physical cnrichment*| — fl 4 | = 
CdS Ofede6s) | ob 10 ilies 
PbS | 3 5 5 40 3) 
ZnSe il 50 20 40 a) 
CdSe t Direct, 1 50 20 40 5 
CaHPo, Beg ai 0 | - 
(NHa)2 HPO, (27 % solution) 5 i =— | 
(NHa)2 COs (20 % =schution) |) 5 - J =f = 


*Physical enrichment of ZnS was carried out by converting the sample to 


ZnClo and subsequent evaporation of this under vacuum; the concentrated deposit 
was then taken for spectrum analysis. 


was a medium dispersion ISP-28 quartz spectrograph with photographic recording. 
The standards for quantitative analysis were prepared using the purest batch of 
the given substance. The impurities still present in the "pure" standard sample 
were determined by the method of additions (i.e., extrapolation of curves obtain- 
ed using samples with deliberated added known amounts of impurities). 

As a result of our experimental work it was established that quantitative 
spectroscopic analysis of luminescence-pure materials for microimpurities can be 
carried out with a sensitivity characterized by the minimum concentrations listed 
in Table l. 

The arithmetic mean deviation for an individual determination is +15%. The 
analytic accuracy is highest for copper, and lowest for iron. 

Industrial FKP-O03 phosphors were ana- 


Table 2 lyzed for iron; K-5 type phosphors for iron 
Phosphor Element CA and copper. In the case of the strontium 
sulfide base phosphor we determined the 
SrsS 1°10-4-1°1072 amounts of copper and bismuth which were 
base 0.001-0.1 introduced as activators. The calcium phos- 
phate base phosphor was analyzed for the 
CaHPO4 base 0.1-4.5 antimony content. It was established that 
in the last two phosphors the concentration 
FKP-03 5*1075-1-1073 of Cu and Bi activators after heating of the 


batch does not change®, while the concentra- 
5-10-5-1°1073 tion of Sb decreases by a factor of 4. The 
5*1076-1-1074 concentrational sensitivities for the listed 

elements in the enumerated phosphors are 


K-5 { 


given in Table 2. 
We desire to thank L.Ya.Markovskii for valuable advice and interest in the 


work. 
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ON THE QUESTION OF RADICAL-RECOMBINATION LUMINESCENCE OF CRYSTAL PHOSPHORS 
- V.A.Sokolov & A.N.Gorban' 


- Back in 1925 Bonhoeffer!, investigating hydrogen reactions, discovered lumi- 
nescence of phosphors under the influence of atomic hydrogen. Subsequently, other 
authors observed emission of luminophors under the influence of free atoms and 
radicals of other gases. Unfortunately, this extremely interesting form of lumi- 
nescence has long been neglected. 

In the present work we draw a parallel between the luminescence of phosphors 
in the atmosphere of an active gas and under the influence of chemically active 
flames, and make an attempt to explain this form of luminescence on the basis of 
the electron theory of chemical catalysis. 

The source of excitation of the luminescence in an atmosphere of active gas 
is the energy evolved in recombination on the phosphor surface of the atoms and 
radicals of the gas to form molecules. The surface in this case plays the role 
of a "partner without which the formation of molecules becomes impossible; the 
recombination usually occurs incident to triple encounters, when the recombining 
atoms and molecules can transfer the released energy to a third particle. 

We showed experimentally that the luminescence of phosphors under the influ- 
ence of a flame, called candoluminescence, is also a consequence of recombination 
on the phosphor surface of free atoms and radicals, the presence of which in the 
flame is connected with the chain mechanism of the burning reaction. 2 

The experiments designed to prove the radical-recombination nature of the 
mechanism of candoluminescence were the following: 

1. Determination of the coefficients of recombination of atoms and radicals 
on some phosphors in a flame. The coefficient of recombination for strongly cando- 
luminescing phosphors proved to be high: in the range from 0.3 to 1.0.3 

2. Observation of luminescence in the intercone gases of a flame. In this 
experiment there were eliminated all other excitation factors (corpuscular, ultra- 
violet radiation from the flame, etc.), so that only recombination of atoms and 
radicals was significant. To this end we used a zone burner in the flame of which 
there was an appreciable separation between the inner and outer flame cones. It 
was found that phosphors held in the atmosphere of the intercone gases luminesced 
strongly under the influence of the free atoms and radicals contained in the gas. 

3. Suppression of luminescence in a flame by means of an active catalyzer. 

It is known that the surfaces of such metals as platinum, vanadium and copper are 
excellent catalyzers of the reaction of recombination of atomic hydrogen and radi- 
cals. Consequently, by inserting a copper or similar screen into the flame below 
the phosphor, one can induce the atoms and radicals to recombine on the surface 

of the screen; this should greatly weaken the luminescence of the phosphor if it 

is due to the radical-recombination mechanism. Experiments with a catalytic screen 


ad 
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resulted in significant quenching of candoluminescence. ° 
4. Investigation of the luminescence of phosphors 

under the influence of free atoms and radicals of the 

same type as those producing candoluminescence in the 

flame, but obtained by means of an electric discharge. 

The spectra obtained in the two cases proved to be identi- 

cal. By way of illustration we reproduce in the accom- 

panying figure the luminescence spectrum of lime in an 


ORT EE illuminating gas flame (curve 1) and in an atmosphere of 


the same gas activated by an electric discharge (curve 
Luminescence spectra of 2).4 


lime in illuminating 
gas flame (1) and in an 


atmosphere of the same of the usual mechanism of chemical catalysis on semicon- 


, 


The phenomenon of radical-recombination lumines- 
cence can be qualitatively explained from the standpoint 


gas activated by an ductors. According to the commonly accepted concepts, 
electric charge (2). the recombination of free atoms (or radicals) on the 

solid surface should take place in three stages, consist- 
ing of adsorption of the gas atoms X, formation of molecules X9 on the surface and 
desorption of the molecules with release of a recombination energy E.° These 
stages are symbolized by the following formulas: 


x—- (X) ads} (Xx) ads +X —-9 (Xo) Ades (X9) aas = Xo + E. 


The adsorbed atom will in general form a trapping center for electrons or 
holes; this is usually represented in the energy diagram by an acceptor or donor 
level. The electron can arrive at this level either as a result of dropping out 
of the conduction band or as a result of rising out of the valence band. In the 
latter case, according to Vol'kenshtein®, there is produced on the surface an 
electron-hole pair; the electron is localized (trapped) , while the hole remains 
free and migrates over the surface. It may be hypothesized that in the case of 
a phosphor-catalyzer, such a hole, appearing near an activator atom, makes pos- 
sible exothermal ionization of the luminescence center. This can lead to recombi- 
nation of an electron from the conduction band with the luminescence center, as 
a result of which there will be emitted a luminescence photon. The electrons are 
furnished either by the stage of formation of molecules or desorption thereof. 

As was shown by Vol'kenshtein’, the energy of recombination of atoms and radicals 
into molecules can be utilized for raising electrons into the conduction band. 

However, in the case of adsorption of an atom or radical on an activator 
atom, in our opinion, there may occur direct ionization of the luminescence center; 
owing to distortion of the energy field in the vicinity of the adsorbed particle 
there occurs "displacement" of the activator level, which may lead to anti-Stokes 
luminescence.® 

We desire to express our gratitude to F.F.Vol'kenshtein for his interest in 
the work and valuable advice. 
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RECOMBINATION LUMINESCENCE OF Sn4t IN AQUEOUS SOLUTIONS OF LiCl AND HCl 
AT LOW TEMPERATURE 
- M.U.Belyi, B.A.Okhrimenko & B.F.Rud'ko 


It is a familiar fact that there is much in common between the optical char- 
acteristics of alkali halide crystal phosphors and those of concentrated solutions 
of the corresponding salts: their absorption spectra are virtually identical and 
their luminescence spectra have many points of resemblance. Hence, investigation 
of concentrated halide solutions containing heavy metal atoms can be of help in 
elucidating the mechanisms of absorption and luminescence of crystal phosphors. 

In investigating the temperature behavior of the luminescence of halide solu- 
tions containing heavy metal ions, we noted! that in the case of aqueous solutions 
of Sn2t in LiCl (or HC1)* there appears a new red luminescence band at low tem- 
peratures. Thus the luminescence spectrum of these solutions at liquid oxygen 
temperature consists of two bands: a blue band (max = 440 mu) and a red band 
(curve 3 in the accompanying figure). The present work was concerned with deter- 
mining the nature of the red luminescence band. 

Careful studies showed that 
this red luminescence band com- 

prises three peaks located at 585, 
Abe | | | 605 and 635 mu. It was establish- 

b pag ed that the blue and red lumines- 
cence bands are excited in differ- 
ent parts of the absorption spec- 
trum: the blue band is excited in 
the fundamental absorption peak 
at 226 mu, while the red band is 
excited in the region of two weak 
absorption maxima at 262 and 276 
MU. 


log K Tium 


200280 «300-400 ~—«480~«500~«5S0 «600-650 Amu The absorption curves (1 & 
2) shown in the accompanying 
Absorption (1 & 2) and luminescence (3 & 4) figure were obtained earlier? at 
spectra of Sn4* + Licl (1 & 4) and Sn2t + LiCl room temperature; however, subse- 
(2 & 3) solutions. quent studies! showed that the 


absorption spectra of such solu- 
tions virtually do not shift with decrease of temperature; cooling results only 


*Virtually identical spectra are obtained in LiCl and HCl solutions; herein- 
after we describe LiCl solutions, but the results apply equally to HCl solutions. 
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in the peaks becoming somewhat narrower and higher. 

Investigation of analogous solutions of tetravalent tin at liquid oxygen 
temperature showed that the absorption spectra of Sn4+ + LiCl and Sn2+ + LiCl 
solutions have a common absorption maximum at 226 mu, but that the two weak 
peaks (262 and 276 mu), observed in the spectra of divalent tin solutions, are 
not evinced in the absorption of tetravalent tin solutions. 

The luminescence spectrum of Sn4+ + LiCl solutions has only one red band, 
which exhibits the same triplet structure as the spectrum of Sn2t + LiCl solu- 
tions. 

Investigation of the excitation spectrum of Sn4t + LiCl solutions showed 
that the maximum of the excitation function is located on the side of the absorp- 
tion curve in the region of 300 mu. 

The above experimental fact can be explained on the assumption that the long 
wavelength absorption peak of the Sn2+ + LiCl solutions is due to 4S —> 3Po,1;9 
transitions. In this case obviously, the triplet structure of the red lumines- 
cence band of Sn2+ must be associated with 3Po,1,2 > 189 transitions. 

The analogous structure of the red luminescence band of Sn4* solutions and 
the position of the excitation spectrum can be explained as follows. Ultraviolet 
in the 300 mu region is absorbed - if only weakly - by the Cl” ions. The elec- 
trons detached from the Cl~ ions can recombine with Sn4* ions, occupying °Po1,2 
levels. Accordingly, *Po,1,2->1459 transitions take place and give rise to the red 
luminescence band of Sn4*. This interpretation is substantiated by the agreement 


between the peaks in the experimental spectrum and the maximum given by the formu- 
la 


3 : aCoC,K,, te Kx Cx tKoOa)d 
dee Ke Cu te Kologhis op k ve 


where Jium and Jo are the luminescence and exciting light intensities, a is the 
probability for radiative recombination of an electron and an Sn** ion, K, and 
Ky are the absorption coefficients (at liquid oxygen temperature) of C1~ and Sn4t 
respectively, C, and Co are the Cl™ and Sn4* concentrations, respectively, and d 
is the thickness of the absorbing layer. 

Analysis of Eq.(1) as a function of C, and C, shows that the maximum of Jjum 

2 

corresponds to omaaea: (in the calculations it is assumed that d-— oo), which also 


= 0 


agrees with experiment. 


Department of Physics, 
"TG. Shevchenko" Kiev State University 
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DISCUSSION 
Ch.B.Lushchik: In recent years many investigators have compared the charac- 


teristics of free activator ions with those of activator luminescence centers 
in crystals. In crystals activated by hydrogen-like ions (Ga, Ge, Tm, Sn, Te,Pb) 
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‘ a8 
the principal absorption bands are interpreted as being due to 1$,> 3Po1.2 and 


1§,> 1Py transitions. Obviously, as a result of some mixing of poiobederaans 25. 
the activator ions and the nearest host ions, this anverpretsuron is me i a 
proximate. For excited *p states this approximation is Rem A Ns ; as 
ip, states the wave function mixing is appreciable. It leads to wake e caer 
served in our experiments) of delocalization of the impurity seer Z 
crystals only a small fraction of the excitations - ~5% 3 is delocalized). 

The interesting results obtained by Belyi & Rud'ko indicate that ene eae 
mentioned approximation is even less valid for solutions of hydrogens like ions. 
Whereas for *P states it is still applicable, for higher excited states of tumi= 
nescence centers, it is no longer meaningful to speak of excitation of the acti- 
vator ion per se. Actually the excitation involves an entire OES It should 
be possible to establish a correlation between the difference in the behavior of 
luminescence centers in crystals as against solutions and the different degrees 
of overlapping of the absorption spectra of the anions and activator. In solu- 
tions the overlapping is appreciably greater. 


CORRELATION BETWEEN THE THERMAL ACTIVATION ENERGY FOR CONDUCTIVITY AND THE 
ABSORPTION AND PHOSPHORESCENCE SPECTRA OF SOME ORGANIC SUBSTANCES 
- A.T.Vartanyan & L.D.Rozenshtein 


In addition to the many familiar inorganic phosphors there exist organic 
phosphors, the activators in which are usually organic compounds (carbazole, 
esculin and dyes such as uranin (sodium fluorescein), eosin, fluorescein, etc.). 
The properties of these compounds as activators are related with their semicon- 
ductor properties as evinced in their electric conductivity, photoconductivity 
and so on. One of the important quantities characterizing the properties of 
organic activators is the thermal activation energy for conductivity, on the 
basis of which one can judge of the semiconductor properties of both the acti- 
vator and the organic phosphor as a whole. 

In the present work we measured the thermal 
activation energy for conductivity for a number 
of compounds in solid layers. These energy 
values were determined from the experimental 
temperature dependence of the conductivity, which 
for organic semiconductors, as a rule, obeys the 
law 


6 = 6,67 eT, 


«Temperature dependences of the conductivity of 
solid layers: 1 - benzophenone (the upper tem- 
perature scale pertains to this compound), 2 - 
anthranilic acid, 3 - phenylanthranilic acid, 

4 - 3-acteylamino-N-methylphthalimide, 5 - 3- 

acetylamino-N-phenylphthalimide, 6 - 3-benzoyl- 

amino-N-methylphthalimide, 7 - fluorescein, 8 - 

uranin, 9 - phosphine, 10 - indigo, 11 - aqueous 
blue. 


Temp »X corresp. 
Compound PERESs ey, to er, SAC EPB 
1 2 3 4 5 6 
oe Es Se a a aR 
Malachite green 40-112 1.65 749 655-750 
Brilliant green 66-110 ahaa pl hae 659-740 
Fuchsin 40- 85 L779 690 580-700 
Crystal violet 63-100 LS 694 630-710 
Aqueous blue 19-147 a 8 lis. 706 610-750 
Uranin 54-153 2.05 603 510-605 
Eosin 60-154 230 536 520-590 
Erythrosine 64-161 Ps PAP 566 530-600 
Phloxin 60-160 207? 597 530-600 
Bengal rose 52-153 2.05 603 560-610 
Rhodamine B 52-100 2.10 588 578-630 
Colorless prod. of Rhod. B 100-155 3040 334 317-350 
Rhodamine 6 G 53-106 207 597 555-620 
Fluorescein 91-103 2.44 906 490-530 
Phenosafranine 64-131 2.08 595 570-620 
Trypoflavine 58-100 2.3 536 480-540 
Phosphine 55-100 Pe PAS 546 468-550 
Capri blue 18- 76 Oe 740 700-780 
Nile blue 10-100 1.63 758 680-780 
Thionine 45-118 rapes: 675 650-700 
Indigo 40-110 Leis 705 660-720 
Pinacyanol 35- 87 ih 219) 650 642-720 
Orthochrome T 40- 80 2.05 603 584-640 
Phthalocyanin 60-163 Ay 725 688-790 
Cu phthalocyanin 88-158 jet 725 685-780 
Zn phthalocyanin 109-160 1.7 725 714-810 
Benzophenone -23- 14 3.34 370 330-400 2.3% 
Anthranilic acid 62- 86 3538 366 342-400 2.8 
Phenylanthranilic acid 87-119 Si50)8) 375 375-430 Pais Al 
3-acetylamino-N-methyl phthalimide 67-100 3.46 357 350-390 2.9 
3-acetylamino-N-phtnyl phthalimide 54-124 3.50 353 340-400 2.7 
3-benzoylamino-N-methylphthalimide 84-112 3.28 31d 360-410 2.8 
3-methoxy-N-methylphthalimide 94- 78 3.18 388 355-390 
3-hydroxy-N-methyl phthalimide 60- 91 368 325 350-390 
4-aminophthalimide 123-151 des Pfs) 444 410-510 
4-amino-N-cyclohexyl phthalimide 73-100 2.90 426 375-440 


ee ee ee ee ee ee 


SAC - Section of long wavelength side of the absorption curve corresponding 
to the energy of the singlet-singlet transition (in mu). 

EPB - Energy corresponding to the short wavelength edge of the phosphores- 
cence band of the compound in the solid state (in ev). 

*Ref.6. 


where ¢«, is the thermal activation energy. 

We investigated benzophenone, anthranilic and phenylanthranilic acids, a 
number of phthalimides and dyes of different types (see table). The substances 
were investigated in the form of layers (up to 10 p thick) which in most cases 
were obtained by vacuum (1075 mm Hg) evaporation. Inasmuch as anthranilic and 
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phenylanthranilic acids and most phthalimides when heated in vacuum to 50-60° be- 
gin to sublimate at an appreciable rate, in investigating these we used an atmos- 
phere of spectroscopically pure heliun. The sensitivity of the current measur- 
ing instrument was 107-14 amp. 

The temperature dependences of the conductivity for some of the investigated 
compounds are plotted in the accompanying figure. 

In the table (column 3) we list the values of an activation energy as deter- 
mined from the slope of the conductivity vs temperature plots; in column 4 we 
list the wavelength corresponding to these energy values. In order to compare 
these values with the optical characteristics of the compounds we measured the 
absorption spectra of the solid layers and the phosphorescence spectra of the 
substances that phosphoresce in the solid state. The absorption spectra were 
measured on an SF-4 spectrometer. Column 5 in the table gives the section of 
the long wavelength side of the absorption curve (SAC) for the solid layers, cor- 
responding to the energies of the singlet-singlet transition in the process of 
absorption. As the short wavelength edge of the sections we took the peaks of 
the bands. In determining the long wavelength absorption edge we went by the 
beginning of the sharp rise of the spectral curve. 

The phosphorescence spectra were recorded at liquid nitrogen temperature with 
excitation of the layers by light in the near ultraviolet (where the absorption 
bands of the investigated compounds are located). The energy values correspond- 
ing to the short wavelength edges of the phosphorescence bands (EPB) are given 
in column 6. These values characterize the energy of the triplet level of the 
compound in the same state of aggregation as that in which the conductivity was 
measured (solid layer). 

There has been extensive discussion in the literature regarding the mechan- 
ism of conductivity in organic semiconductors. According to the new view on the 
nature of photoconductivity, the internal photoeffect in organic semiconductor 
crystals occurs with participation of electrons raised to the triplet level. 27-5 
The results of our investigation allow of drawing certain inferences regarding 
the nature of the dark conductivity in organic substances. As will be evident 
from the table the wavelength corresponding to the activation energy values are 
in good agreement with the sections of the long wavelength sides of the absorp- 
tion curves. At the same time for the phosphorescing compounds the heights of 
the triplet levels proved to be much less than the values of ¢,. Comparison of 
these results indicates that the free carriers participating in the dark conduc- 
tivity of the phosphorescing compounds are produced incident to singlet-singlet 
electron transitions. This inference is also probably valid for the other in- 
vestigated compounds, including the dyes. 


References 


1. A.T.Vartanyan, Izv.AN SSSR, Ser.fiz., 20, 1541 (1956). (Trans.Bulletin, 
209 i412.) 

2. D.J.Carswell, J.Ferguson & L.E.Lyons, Nature, 173, 736 (1954). 

3. A.N,Terenin, Radiotekhnika i elektronika, 1, 1127 (1956). 

4. B.Rosenberg, J.Chem.Phys., 29, 1108 (1958). 

5. B,Rosenberg, Ibid., 31, 238 (1959). 

6. V.L.Ermolaev, Thesis, Leningrad, 1958, 


41 9a= 


EXCITATION WAVELENGTH DEPENDENCE OF THE BLUE LUMINESCENCE YIELD OF 
CADMIUM SULFIDE CRYSTALS AT 20°K 


-~ V.L.Broude & V.S.Medvedev 


Investigation of the spectral distribution of luminescence is of great inter- 
est from the standpoint of establishing the nature of the luminescence of solids 
and the relation between luminescence and absorption of light. Moreover, if one 
can determine the relation between the excitation spectrum and the absorption 
spectrum, the results can be utilized for determining the absorption curves in 
the regions inaccessible to direct measurement. 

Earlier! we investigated the excitation spectra for the "ereen'’ and "orange" 
luminescence bands of CdS crystals. In the present work we determined the exci- 
tation spectra for the "blue" luminescence of these crystals. The "blue" lumi- 


nescence is located in the region adjacent to the absorption edge of CdS, and its 


short wavelength bands coincide with weak absorption lines2 associated with elec- 
tronic transitions in the vicinity of defects in the crystal lattice.3 


The spectral distribution of the luminescence output was measured at 20°K. 


The exciting wavelengths were isolated by means of a diffraction grating monochro- 
mator with a dispersion of 3 A/m. The excitation curves obtained for the "green", 


"red'' and "blue" luminescence of one CdS crystal 


{Tum | are shown in Fig.l. In the lower part of the 


figure the arrows indicate the positions of the 
peaks of the absorption bands, taken from the ab- 
| sorption spectra recorded for relatively thin 
(0.3-0.4 uw) crystals. 

In the excitation spectra for the "green" 
and ‘red’ luminescence there are observed dips 
in the luminescence yield at wavelengths corre- 
sponding to the peaks of the absorption bands. 
On the other hand, in the excitation spectrum of 
the ‘blue’ luminescence, beginning with 21 000 
cem71 there is evinced direct proportionality be- 


Soo SS 

Pt he t= Ft l | tween the luminescence intensity and the absorp- 
S S S Sycw" tion coefficient (Fig.1). Thus in the case of 
= 3S = the investigated CdS specimens increase in the 


Fig.l. Spectral dependence of 


intensity of the blue’ luminescence with varia- 
tion of the excitation wavelength is accompanied 


ec 


the output of “green” (1), by decrease in the luminescence intensity in other 
red” (2) and “blue” (3) lumi- regions of the spectrum. The ‘biue luminescence 
nescence of a CdS crystal. excitation spectrum is characterized by pronounced 


ct MD 


structure. Fluctuations of the luminescence out- 
7 


ut can be observed un to 23 000 cm7+ (2.9 ev), i.e., almost to 0.3 ev from the 

bsorption edge. This is evidence cf the much stronger dependence of the intensi- 
veor the "biue" luminescence on the absorption coefficient, as compared with the 
c 


t $f iu 11 : : 
dependences of the ‘green and “red emissions. 


tion coefficient in order to establish the char 


TORVALLAtLOmTOn sunelmapsoro> 
of the absorption curve in 


run 


We made use of the sensitivity cr this spec 
a 


47u 
Ccwse 
7 


a5 
> 2 . ral x cia) + fo nh thiocte 
the short wavelength region. From the absorption of erystals eof different thick 
ness we were able to determine the approximate position of the absorption curve 

‘ ae ob on em By = = OE fet Pee 
down to 21 500 cm-!, From the excitation spectrum we were able te obtain ae 
mation in the range from 21 000 to 23 000 em-L. Combining these data enabled us 
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to establish the absorption in the region from 
20 400 to 23 000 cm=! (Fig.2). 

One can distinguish three regions in the 
absorption spectra of CdS erystals. In the 20 400 
to 20 560 em interval there are a number of weak 
(K ~ 102-103 em-l) narrow (3-5 cm-l) variable ab- 
sorption bands, polarized perpendicularly to the 
c axis. The character of these bands was investi- 
gated earlier and described in Ref.3. 

In the 20 560 to 20 780 cm! region there are 
evinced wider (20-40 em) , very intense absorp- 
tion bands. The absorption coefficient at the 
peak of the 20 700 cm7! band (No.13 in Fig.2) is 
5°105 cm-l, The polarization of the bands in this 
region varies. The bands at 20 572 (No.8) and 

= 20 740 em-1 (No.14a) are wholly polarized perpen- 
= dicularly to ¢. The bands at 20 589 (No.10), 

* 90 740 (No.14b) and 20 800 cm! (No.15) are also 
Fig.2. Absorption spectrum of strongly polarized |c, but are observed with a 
CdS crystal. Double hatched low intensity with the incident light polarized 


region - polarization | ¢; parallel to ce. The band at 20 700 cem71 (No.13) 
hatched region - polarization is intense in both components (somewhat stronger 
predominantly |[c, but ||¢ com- in the component parallel to c). This is the most 
ponent discernible; unhatched intense absorption band in the entire investigated 
region - weak polarization, region. It must be noted that the No.8 band is 


intensity || ¢ somewhat higher. also variable, i.e., differs in intensity in the 

spectra of different crystals (see table). The 
same thing but to a lesser degree applies to the band at 20 740 cm71 (No.14a). 
Also unstable as regards intensity (and in some cases as regards wave number) is 
the 20 589 cm=! (No.10) band in the ec component of the spectrum. In the spectra 
of different specimens its intensity varies by an order of magnitude or more. 
Bands Nos.8 and 10 and Nos.14a and 14b are highly sensitive to mechanical deforma- 
tion of the crystal.° There is a noticeable redistribution in intensity between 
these bands (Fig.3) in the spectrum of even weakly stressed specimens. We detect- 
ed no other changes in the spectra of lightly stressed specimens.** 

In the third absorption region (20 850 to 23 000 cm-l) we find a group of 
broad relatively intense bands. In all we observed eight bands in this region. 
The absorption coefficient at the peaks is 10° cm-l on the average. Between the 
peaks there is substantial continuous absorption. The polarization of these bands 
is weak; all of them are somewhat more intense in the c component of the spectrum. 
These bands form two vibrational series with a separation of 605 + 20 cm-l between 
members, The first series, comprising the weaker bands, begins at 20 875 cm7L 
(No.16) and has four members; the second series begins with the intense band at 

*The absorption curve for CdS crystals at 20°K was measured in our earlier4 
paper. Being unable to obtain sufficiently uniform thin crystals, we were able 
to measure this curve only to values of the absorption coefficient K ~ 104 en71, 
In the region of stronger absorption the curve was extrapolated on the basis of 
spectrograms photographed for thin specimens. It was found in subsequent studies 
that in this extrapolation we underestimated the absorption at the peaks of the 
strongest bands: No.10 (20 589 cm-l) and No.13 (20 700 em7!) (Fig.2). 

**Substantial increase in the deformation of the crystal leads to appreciable 
alteration of the entire spectrum.95 


+4 4 4 
8 10 & 10 


Fig.3. Comparison of the 
absorption spectra of an 
unstressed (a) and a 

stressed (b) CdS crystal. 


- 421 - 


21 190 cm} (No.18) comprises four members and is 
320 cm-l distant from the first. The absorption 
background located in the interval between the be- 
ginnings of these series, in contrast to the bands, 
is more intense in the | ¢ component. 

As for the general character of the absorption 
spectrum of the CdS crystals, we want to emphasize 
its similarity to the absorption spectra of typical 
molecular crystals. As in the case of molecular 
crystals, strong intrinsic absorption is preceded by 
weak narrow polarized bands belonging to impurities 
in the widest sense of the word (contaminations, dis- 
tortions of the lattice in the neighborhood of im- 
purity centers, defects and dislocations). In co- 
incidence with these bands are luminescence bands, 
but intrinsic luminescence is absent or very weak.® 
As in the spectra of molecular crystals, in the ini- 
tial section of the intrinsic absorption of the crys- 
tal there are observed particularly intense sharp 
bands, partially strongly polarized along the crys- 
tallographic axes. Davydov’ associates these bands 
with excitation of excitons capable of migrating 
through the crystal. The absorption bands in the 

high frequency region combine into 


Characteristics of the absorption bands vibrational series, the higher mem- 
of CdS crystals bers of which have a relatively low 

: . = Absorption cocf) intensity and are more diffuse and 
pant | Location of ficient at peak | Polariza- road. 
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LUMINESCENCE OF Se ACTIVATED CADMIUM IODIDE 
- I.P.Shapiro 


When stimulated by near ultraviolet cadmium iodide emits weak yellowish- 
brown luminescence. This luminescence can be explained (as in the case of ZnS) 
on the assumption that the emission originates at surstoichiometric atoms in the 
host lattice, formed by the dissociation mechanism.1,2 The luminescence of pure 
cadmium iodide is so weak that attempts to obtain its spectrum failed. Upon the 
introduction of a minor amount of selenium (107° g/g) into the CdI5 lattice, how- 
ever, the luminescence intensity is greatly increased.3 Bundel' & Rusanova>,. in- 
vestigating zinc sulfide-selenide phosphors, observed a band peaking at GOO mu, 
which they attributed to Se. 

We also observed a selenium band with Anay = 603 mu in the luminescence of 
cadmium iodide doped with selenium. This confirms the deductions of Bundel' et 
al~ that not only metals but also metalloids can be activators. The luminescence 
spectra of CdI5:Se phosphors with different Se concentrations are shown in the 
accompanying figure. The spectra were obtained by means of an MS-3 glass spectro- 
graph with recording on isopanchromatic film (sensitivity 65 GOST units). At the 
right we show photomicrograms of spectra 3, 4 and 5, obtained taking into account 
the spectral sensitivity of the film (determined with the aid of a lamp with a 
color temperature of 28509). It will be evident from the reproduced spectra that 
the luminescence intensity depends on the selenium concentration in the phosphor. 
The lowest intensity is obtained at Cs, = 1072 g/g. It also follows from the ex- 
perimental data that the luminescence spectra of CdIl9:Se phosphors consist of 
two bands: a broad band peaking at 640 mu and less intense, narrow band peaking 
at 603 mu. 

We also recorded the luminescence spectra of CdIo-PbI59, Cdip-PbI5:Se, Cdlo: 
:Mn and CdIo9:Mn:Se. 

Phosphors activated by Pb and Mn are characterized by one intense lumines- 
cence peak at 640 mt. Mixed phosphors in which selenium is also present exhibit 
an additional peak at 603 mu. Thus it may be asserted that the emission band in 
the spectrum of CdIo9:Se located at 603 mu belongs to selenium. The peak at 640 
mu may be attributed to the deformed CdIo lattice. The stability of the selenium 
band as regards doping with Pb and Mn is not constant and depends on the selenium 
concentration in the phosphor. It may be assumed that phosphors of the CdIo:Se 
type are systems containing both metal and metalloid activators. 

In addition, we made a detailed investigation of CdI9-PbI5 phosphors. The 
experimental data of Klement & Malysheva® indicate that the bands in the excita- 
tion spectra of CdIo-PbI5 phosphors coincide with the bands in their absorption 
spectra. We obtained analogous results not only for CdIp-PbIo but also for KI- 
T1Cl1 phosphors. CdIo-PbI9 compounds containing up to 90 mole percent PbI9 lumi- 
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nesce yellow under stimulation by near ultra- 
violet; the highest intensity is obtained for 
the phosphor with 3-5 mole percent PbhIo. 
This phosphor has a short persistence: T = 
ae = 10-4 sec. Ryvkin® used the capacitor tech- 
Poor nique to determine the photoconductivity of 
; PbI»5 and CdI5-PbI5 and the width of the gap 
by \\ in these compounds. 
soil ‘\\4 In earlier experiments’, we found that 
ips \ the photoconductivity of PbIg and CdI9-PbIo 
A, is predominantly of the p-type. From the 
é I values of \j/2, corresponding to the half- 
height of the spectral distribution curve for 


7 \ PbI5, it follows that the width of the forbid- 
ga den energy band in PbI5 is relatively large 
yh \ (Ey = 2.08 ev). Using the procedure of Stepan- 


Mes ov et al8 for determining the absorption spec- 
: trum from the diffuse reflection spectrum, we 


' 
i 
i 
j 
u 


SRF ORT mi: determined? the width of the gap in CdIo and 

: found E, = 3 ev. In view of the fact that the 
Luminescence spectra of CdIo:Se radius of the Se ion is small (1.15 A) com- 
phosphors with different Se con- pared with the interatomic separation in the 


centrations (ing/g): 1 - 5-1072, Cdl, lattice (4.24 A), it may be inferred that 
2 - 10-3, 3 - 10-4, 4 - 1072, 5 - the "defects" in the CdI9 lattice are formed 
2-10-3, At right - photometric by interstitial selenium atoms that are readi- 
traces of spectra 3, 4 and 5. ly incorporated to the layered CdI5 lattice in 
the process of heating (luminescence appears 

after melting CdIo + Se to form a solid solution). This serves to explain why 
CdIo9:Se, like CdI9:Pb, luminesces even at very high activator concentrations. 

I desire to express my gratitude to B.I.Stepanov for valuable advice and 
his interest in the work. 
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IMPROVEMENT OF PHOSPHORS FOR LIGHT SOURCES 
~ R.A.Nilender & D.P.Troshenskii 


Work on the development of "fluorescent lamp" phosphors began in the Soviet 
Union more than 20 years ago. During Vavilov's time this research was carried 
out in the laboratory of the Moscow Electric Lamp Plant in collaboration with 
the Physical Institute of the Academy of Sciences and also by the Light Source 
Laboratory of the All-Union Electrotechnical Institute. The first phosphor de- 
veloped for use in lamps was cadmium silicate activated by manganese in mixture 
with magnesium tungstate. This phosphor was characterized by poor stability and 
in 1944 was replaced by a mixture of Mn activated zinc-beryllium silicate and 
magnesium tungstate. An intensive search for new better phosphors began in 1949; 
Vavilov induced the State Qptical Institute to participate in this work. 

The result of collaboration of the Physical Institute, the Optical Institute 
and the Laboratory of the Moscow Electric Lamp Plant was development of calcium 
halophosphate:Sb:Mn phosphor. Although at first this phosphor did not give an 
appreciable increase in efficiency, it made it possible to do away with the use 
of such scarce and toxic materials as tungsten anhydrate and beryllium compounds. 
Bundel' et all reported on the development of the calcium halophosphate phosphor 
at the Third Conference on Luminescence in 1951. The halophosphate phosphor was 
put into production at the "Krasnyi Khimik" (Red Chemist) Plant. 

After the death of Vavilov, all collaborative work ceased, and only the labor- 
atory of the Moscow Electric Lamp Plant continued research aimed at development 
of phosphors for light sources and cathode-ray tubes. From 1955 to 1960 there 
have been carried out at the plant numerous investigations aimed at increasing 
the initial brightness of lamp phosphors and reducing the loss in efficiency with 
time. 

Calcium halophosphate:Sb:Mn belongs in the group of sensizied phosphors. 

Its primary sensitizing activator is antimony. The ultraviolet radiation from 
the low pressure mercury discharge is absorbed by the antimony, and is partly 
emitted by it (band with \max = 4800 A) and partly transferred to the manganese 
centers, as a result of which there appears a luminescence band peaking at 5800 A. 
Calcium halophosphate phosphors activated only by manganese are not excited by 
ultraviolet, while phosphors activated by only antimony emit only one blue band 
with a peak at 4800 A. 

Antimony acts as a sensitizer only in the trivalent state.? However, depend- 
ing on the conditions of preparation of the phosphor the antimony may be volatil- 
ized to some extent and transform to the pentavalent state, forming inactive cal- 
cium antimonate. The content of active antimony in the phosphor depends greatly 
on the chemical composition of the host and the quality of the raw material. 

The brightest halophosphate luminophors are phosphors close in composition 
to apatite: 3Ca3 (P04) 9°CsFo. In an efficient halophosphate luminophor part of the 
calcium is replaced by antimony and manganese, which are responsible for its lumi- 
nescence properties. Moreover, part of the fluorine is replaced by chlorine, 
which results in some shift of the luminescence spectrum. The concentration of 
trivalent antimony entering into the apatite lattice and forming the luminescence 
centers proves to be the higher, the lower the content in the batch of hydroxyl 
apatite, forming as a result of hydrolysis. 274 

In order to obtain phosphors with high efficiency there were investigated in 
our laboratory the conditions of precipitation of disubstituted calcium phosphate; 
it was shown that for obtaining it without hydroxyl apatite impurity it is onan 
tial to carry out the precipitation under rigorously controlled conditions. Other 
experiments were carried out to optimize the temperature and heating time, the 


Bone eoe of antimony and manganese and the proportion of fluorine to chlorine in 
the phosphor. With variation of the heating temperature the brightness of the 
phosphor goes through a flat maximum at 11509, The optimum content of active 
puttmony lies in the range from 0.7 to 0.8%. Variation in the amount of mangan- 
ese introduced and variation in the proportion of fluorine to chlorine results 
in alteration of the spectral composition of the emission, but the stability of 
the phosphor in lamps is not affected. 
There were also carried out in the plant laboratory investigations of the 
influence on the brightness and stability of the phosphor of the total metal to 
phosphorus ratio. It was established that the phosphor characterized by greatest 
brightness and stability contains about 4.9 metal atoms per 3 phosphorus atoms. 

As a result of the research there was developed an improved calcium halo- 
phosphate luminophor which was put into production and resulted in lamps with 
10-20% higher efficiency (48 to 55 lu/w for a 40 watt lamp). 

The aging of halophosphate luminophors in fluorescent lamps is connected 
with breakdown of the antimony centers. It was shown that the presence of a 
reducing agent in the gaseous medium in contact with the phosphor under the elec- 
tric discharge conditions leads to weakening of the luminescence owing to reduc- 
tion of the antimony. When the reduced antimony is oxidized, the luminescence 
brightness increases. 

Such reducing agents as carbon monoxide, hydrogen and hydrogen-containing 
compounds (water and hydrocarbons) may seep into the tube in process of produc- 
tion or may be released from the coating if the binder is not completely elimi- 
nated in the baking operation. Hence there was carried out a careful analysis 
of the loss in brightness in the process of production. 

The phosphor supplied by the "Krasnyi Khimik" Plant is a coarse-grain powder, 
To obtain a high quality coating it must be ground for preparing the suspension. 
In the process, as a result of triboquenching, and increase of scattering of ultra- 
violet by the very small particles, the luminescence brightness falls by approxi- 
mately 15%. The next greatest loss in brightness - about 6% - is incurred in the 
operation of burning out the nitrocellulose binder; this occurs for two reasons: 
first, owing to incomplete burning out and partial carbonizing of the nitrocellu- 
lose, and, second, owing to oxidation of the phosphor when heated in contact with 
air to 500°. There is virtually no loss in brightness incident to sealing off 
of the lamps. In the operation of evacuation of the lamps, in heating of the 
phosphor coating without access of air there occurs carbonization of the remain- 
ing nitrocellulose, which results in an additional 1-3% loss in brightness. Thus 
the total decrease in brightness from the initial phosphor to the finished coat- 
ing in the lamp amounts to 20-24%. 

There was developed in our lamp laboratory a method of restoring the bright- 
ness of the ground halophosphate luminophor to 95-97% the initial value without 
substantial increase in grain size by reheating at 1100° for 15-30 min and subse- 
quent treatment of the powder with a weak hydrochloric acid solution to remove 
the oxidized manganese from the surface of the crystals. 

In order to reduce the segregation of harmful impurities in the lamps and 
enhance the stability of the light flux there was developed an improved procedure 
for burning out the nitrocellulose; this involves the use of oxygen and reducing 
the baking temperature. There was also developed a new technique for vacuum 
treatment of the lamps with continuous pumping and aging of the cathode by a 
high voltage discharge in mercury vapor. a 

The lamps fabricated by the new technology had a 2-3% higher efficiency and 
showed about half the loss in intensity after 3000 hours of operation: 10-14% 
loss instead of 20-30%. 
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As a result of all the above mentioned measures we were able to reduce the 
loss in brightness incident to production of the lamps to 8-10% and thus increase 
the efficiency of 40 watt lamps to 60-62 lu/w. 

The general conclusions that may be drawn on the basis of the research car- 
ried out at the plant laboratory are the following: the stability of fluorescent 
lamps in operation is determined mainly by the production technology; the light 
output depends primarily on the quantum efficiency of the phosphor and the coef- 
ficient of absorption of ultraviolet by the coating. 

The ratio of the visible light output (in photons) to the absorbed radiation, 
i.e., the quantum efficiency, for modern halophosphate phosphors is about 80%. 

It has been repeatedly noted that further efforts should be directed to developing 
luminophors with a higher quantum efficiency. 

An extremely important factor where the ultraviolet absorption coefficient 
is concerned is the grain-size composition of the calcium halophosphate phosphor. 
According to recent data in the literature, it appears that one can obtain lamps 
with a light output of 75-80 lu/w merely by insuring the optimum grain-size compo- 
sition of the phosphor and structure of the coating.9,;° Obviously, research to 
this end is essential. 

Despite the great amount of diversified research being carried out in dif- 
ferent laboratories in the field of luminescence, there is virtually no work be- 
ing done for the practical purpose of increasing the efficiency of fluorescent 
lamps. 

It is imperative to take immediate measures to increase the number of in- 
vestigations undertaken in scientific research institutes in the field of phos- 
phors for light sources; it would also be desirable to set up new industrial 
laboratories at enterprises producing phosphors. 


References 


1. A.A.Bundel', B.I.Vainberg, T.S.Dobrolyubskaya, V.V.Zelinskii, F.M. Peker- 
man, R.G,Smirnova, A.K.Trofimov & S.P.Frenkel', Izv.AN SSSR, 15, 815 (1951). 

2. W.L,Wanamaker, A.H.Hoekstra & M.G.A.Tak, Phil.Res.Rep., 10, 11 (1955). 

3. G.R.Fonda, Brit.Appl.Phys., 6, Suppl.4 (1955). 

4. M.Doherty & N.Harrison, Brit.Appl.Phys., 6, Suppl.4, 511 (1955). 

5. J.L.Ouweltjes, Elektrizitadtsverwertung, 1958. 

6. K.H.Butler & H.H.Homer, Illum.Eng., 4, No.9, 556 (1959). 


DISCUSSION 


V.M.Skobelev: It must be admitted that, aside from the report presented by 
Troshenskii, we have not heard a single report at this Conference concerned with 
research in the field of lamp phosphors. Thus Troshenskii is justified in as- 
serting that everything that has been accomplished in this field is the result 
of work at the Moscow Electric Lamp Plant. Scientists in other laboratories are 
remiss in neglecting the problem. The phosphors developed by the Moscow Electric 
Lamp Plant Laboratory yield lamps with an efficiency of 55 lu/w, whereas lamps 
produced abroad have a light output of 70-72 lu/w. This has apparently been 
achieved by controlling the grain-size composition. This is substantiated by 
the work of Levshin & Ryzhikov, which, unfortunately, has been carried out on 
zine sulfide rather than lamp phosphors. One can, however, welcome the fact that 
they have developed a suitable experimental technique, and it is to be hoped that 
it will soon be applied to determining the optimum granulometric composition of 
calcium halophosphate. Important problems here are problems of technology; un- 
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fortunately, nobody is studying these problems and yet it will be recalled that 
the production of phosphors will soon reach hundreds of tons annually. I again 
call upon the participants in the Ninth Conference on Luminescence to turn their 
attention to the problems of lamp luminophors. 

Ch.B.Lushchik: I want to give my vigorous support to Troshenskii in his call 
for expanding research on lamp phosphors. I feel that investigation of the physi- 
cal processes occurring in lamp phosphors is not only of practical interest, but 
can also yield valuable information on the mechanism of luminescence. 

I would like to call attention to the similarity between many characteristics 
of lamp phosphors and those of ''ideal'' alkali halide crystals activated by hydro- 
gen-like ions. Groups working on lamp luminophors should carefully study the re- 
sults obtained in research on alkali halide crystals. Of particular interest, 
in my opinion, is investigation of the topography of the physical processes occur- 
ring in lamp luminophors; this topography for sensitized luminescence is extreme- 
ly complex. 

D.P.Troshenskii: The assertion made by some workers of the VNICI (A11-Union 
Scientific Research Institute of Lighting Engineering) that the loss in bright- 
ness of halophosphate luminophors in the process of coating lamps is 30% and in 
the process of vacuum treatment 20% is far from the truth. 

As I noted in the report, there was carried out in the laboratory of the 
Moscow Electric Lamp Plant a careful analysis of the losses in brightness incur- 
red in the process of preparation of the suspension and fabrication of lamps. 

It was found that as a result of grinding the luminescence brightness falls by 
about 15%. The next largest loss in brightness (about 6%) occurs in burning out 
the nitrocellulose binder. The loss during the operation of sealing off the tube 
is virtually nil, while the loss connected with the operation of evacuation amounts 
to 1-4%. Thus, the total loss in brightness from the initial luminophor to the 
final coating in the lamp amounts to only 20-25% and not 50% as was asserted by 
V.1I.Dolgopolov and other workers of the VNICI. 

I spoke of the reasons for the loss in brightness incident to grinding in 
my report. During the operation of burning out the nitrocellulose the loss in 
brightness occurs for two reasons: first, owing to incomplete burning out and 
partial carbonization of the nitrocellulose, and, second, owing to oxidation of 
the luminophor in the process of heating in air at about 500° A slichteturtner 
loss occurs during the operation of evacuation incident to heating of the coating 
without access of air as a result of carbonization of the remaining nitrocellu- 
lose. 

As a result of various measures developed in the plant laboratory, namely, 
use of regenerated, i.e., heated after grinding, phosphor and improvement in the 
technique of burning out the nitrocellulose, the loss in brightness incident to 
production of lamps has been reduced to 8-10% and the light output of 40 watt 
lamps has been increased to 60-62 lu/w. 

The workers of VNICI would be better advised to devote their efforts to 
developing practical measures aimed at further reduction of the loss in bright- 
ness in luminophors in the process of lamp production, measures that would result 
in lamps with a light yield of at least 80 lu/w. 
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DIFFERENT TYPES OF PHOSPHOR CRYSTALLOCHEMICAL SYSTEMS AND 
THEIR LUMINESCENCE PROPERTIES 


- M.A. Konstantinova-Shlezinger 


We classify the crystal structure of phosphors into groups on the basis of 
the conjunction of structural properties that have the strongest effect on the 
luminescence characteristics, and then compare the luminescence properties pecu- 
liar to each phosphor grouping. 

We consider the following properties of the crystal structures: the lattice 
energy and the character of the atomic (ionic) bonds; the melting temperature, 
which is related to the lattice energy; the readiness with which there form de- 
fects; thermal and biographic vacant sites! (i.e., vacant sites that are in equi- 
librium at high temperatures but that persist at room temperature only in the 

frozen state, and such vacant sites as form incident to replacement of the host 
ions by ions of different valence and persist in the equilibrium state even at 
absolute zero); the electric conductivity (in the absence of measured mobility 
values or similar quantitative indices we can only compare the conductivity values 
of different systems only qualitatively on the basis of indirect data2); interac- 
tion with a gaseous medium (the chemical stability or more accurately the degree 
of inertness as regards oxygen, usually present in heating); the absorption re- 
gion, which to some extent allows of judging of the energy necessary for ejection 
of electrons from the valence band and production of holes. 

In the classification of crystal phosphors on the basis of the enumerated 
properties there stands out with great distinctness one group, the group of ionic 
crystals of alkali halide salts, i.e., of binary compounds of ions with the struc- 
ture of an inert gas. It is characterized by exceptionally low values of lattice 
energy (230 to 138 kcal/mole) and great readiness to form vacancies. As Schottky3 
and later Mott & Gurney* showed, the number 7” of Schottky defects is related to 
the lattice energy W by the exponential expression 


yf 
n= ByNe *? , 


where Vis the total number of sites, and / and 7 are correction factors taking 
into account the variation in the frequency of oscillation of the ions about the 
vacant site and the variation in energy connected with changes in volume owing 
to formation of vacant sites. 

This group of crystalline compounds, characterized by minimal lattice energy 
values, also, naturally, occupies a special place as regards ease of formation of 
vacant sites both thermal and biographic. The conductivity of members of this 
group is ionic; the absorption lies in the far ultraviolet. 

Crystal phosphors in the alkali halide class are characterized by the forma- 
tion of F and other centers and the ability to be activated by many different 
elements: Ga, In, Tl, Mn, Sn, Pb, Ag and others. The electronic structure of 
free ions is evinced in the luminescence spectra of these phosphors, so that we 
can attempt to interpret the electronic structure of the luminescence centers by 
comparison with the spectro-energetic characteristics of the ions.° 

The enumerated distinctive features of the crystal phosphors in this group 
are intimately related with the specific characteristics of their crystal struc- 
ture. 

In all other structural groups we have ionic-covalent bonds (with predomin- 
ance of one or the other), higher lattice energies and high melting points. 

The second group in our classification comprises structures of compounds 
with strongly electronegative anions and doubly or higher charged cations that 
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This group includes the oxides of the rare earth 
elements,Ca, Sr, and Ba, magnesium oxide, aluminum oxide, some spinels, the fluo- 
rides of these metals, and certain other compounds. The lattice energy of com- 
pounds in this group is some 3-4 times greater than in the first group. 

Theoretical calculations of the fraction of equilibrium Schottky defects 
have been carried out only for alkali halide salts. Nevertheless, it may be as- 
serted that in view of the high lattice energy values characteristic of crystals 
of the second group, the fraction of Schottky defects should be infinitely small. 
The conductivity of crystals in this group is low. The absorption lies in the 
ultraviolet region. 

In a number of cases at low temperatures the luminescence bands aDbat into 
narrow bands, reflecting lattice vibrations. This was observed by Ewles” for 
pure calcium oxide and a number of other phosphors. Tunitskaya’, in investigat- 
ing Ca0:Bi, showed that the spectrum represents a superposition of lattice vibra- 
tions on electronic transitions. Such superposition is also observed, as will be 
shown below, in the case of other crystal phosphors characterized by high lattice 
energies, but their crystal structures in view of a number of other indications 
must be placed in a different group. It is interesting to note that one elemen- 
tary substance, namely, diamond, is distinguished by an exceptionally high lat- 
tice energy and high melting point; the luminescence spectrum of diamond consists 
of equidistant bands associated with lattice vibrations. 

Into the next group we put crystal structures in which, with a high lattice 
energy, the ions are weakly electronegative, so that the bonding is predominantly 
covalent. Typical compounds in this group are sulfides and selenides. The lat- 
tice energies and melting points of these compounds are exceptionally high. The 
sulfides of transition elements, zinc and cadmium, sublimate at temperatures much 
lower than the melting point. Consequently, the bonds in the surface layer are 
weakened to a greater extent than usual, so that formation of vacant sites is 
greatly facilitated. 

The compounds in this group readily interact with the oxygen of the atmos- 
phere. Their absorption lies in the long wavelength ultraviolet. The crystal 
phosphors formed by these compounds are characterized by reproducibility; they 
readily undergo different microreactions. As a result and also owing to the 
presence of vacant sites in the neighborhood of the activator a number of differ- 
ent bands, i.e., different emission spectra, may be observed for the same acti- 
vator. As Trapeznikova showed, this applies even to Sm in zinc sulfide. 

The luminescence yield of crystal phosphors in this group is not a linear 
function of the excitation intensity. Many of the phosphors in this group are 
characterized by a persistent afterglow, i.e., store large light sums. Some 
luminophors in this group, as for example, CaS:Bi investigated by Tunitskaya’, 
yield luminescence spectra in which lattice vibrations are Clearly evinced. 

We now turn to crystal structures, which like those of compounds in our 
second and third groups, have high lattice energies, but in distinction to these 
have bonds of at least two types. These are heterodesmic crystals: silicates, 
phosphates, tungstates, sulfates, etc. 

It must be noted that in these compounds the melting point corresponds in 
many cases to rupture of only the weakest bonds. Thus, it has been shown by x- 
ray diffraction studies that in some silicates the Si04 tetrahedra persists in 
the melt. This must be taken into account in evaluating the lattice energy on 
the basis of the melting point (850 to 2000°). The formation of thermal vacan- 
cies in these compounds is hindered not only by the high bond energies but also 
by the difficulty of ejecting the anions. 

We can illustrate the above in the specific case of zinc silicate. In its 


are not transition elements. 
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structure the Si04 tetrahedra are linked by zinc ions. Each oxygen is strongly 
bound to a silicon (this bond is reported to be 50% covalent) and, in addition, 
is linked to two zinc atoms. Each zinc atom is surrounded by four oxygen atoms, 
each of which enters into the oxygen tetrahedron. The principle of electronegati- 
vity requires that simultaneously with formation of a vacant zinc site there form 
a vacant anionic site; yet in melting, the silicon-oxygen tetrahedra remain unaf- 
fected, i.e., the oxygens do not break away from the silicon atom. Displacement 
of the zinc ion to an interstitial site, i.e., formation of Frenkel defects, ap- 
pears to be little probable. As Schottky showed, the formation of these defects 
is possible in case of equivalence of the energy of ejection of the cation from 
its site and its lodging at an interstitial site, as occurs, for instance, in 
lattices with large anions, for example, in silver bromide.2 At present we can 
adduce only the above general arguments, for there have been no precise calcula- 
tions of the energies involved. The conductivity of crystals in this group is 
low. The width of the energy gap is large; the crystals absorb in the far ultra- 
violet. These compounds are stable, and do not normally undergo microreactions 
when heated in air. The crystal phosphors of this group are readily reproducible. 

Within the same crystal modification the spectrum is constant, i.e., the 
activator forms only one type of luminescence centers. There are only a few suit- 
able activators for each structure; for example, the sole activators for zinc 
silicate are Mn and possibly Ti. There have been described luminophors the lumi- 
nescence spectra of which consist of individual bands and reflect lattice vibra- 
tions; such, for example, is magnesium arsenate with manganese. 

Thus in each group of crystal structures classified according to the above 
mentioned conjunction of properties we find crystal phosphors exhibiting common 
luminescence properties. These properties are determined primarily by the crystal 
lattice rather than by the activator. 

As an interesting fact, we note that comparison of the cathodoluminescence 
properties of crystal phosphors in the different groups shows that compounds of 
the third group - sulfides - have the highest electric conductivity; cathodolumino- 
phors of this group exhibit a cathodoluminescence efficiency attaining 25%, 10 

Also sometimes used for practical purposes are compounds of the fourth group 
with heterodesmic structure; however, the quantum efficiency of these luminophors 
does not exceed 8.5% (this is the value for zinc silicate:Mn; the efficiency of 
other phosphors in this group is even lower) .10 
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THERMODYNAMICS OF THE MECHANISM OF ACTIVATION OF SULFIDE AND 
SULFIDE-SELENIDE PHOSPHORS 
- A.A.Bundel', Z.I.Guretskaya & L.B.Taushkanova 


The present communication is devoted to comparison of experimental data with 
the deductions following from general thermodynamic considerations. We have 
pointed out earlier that to produce a luminophor it is sufficient to bring into 
contact at a sufficiently high temperature an appropriately formed crystal of the 
base material with an activator taken in the elemental state. The formation of 
luminescence centers occurs incident to penetration of the neutral activator 
atoms into the crystal. 

In order to check this, crystals of previously formed self-activated zinc 
sulfide luminophors were exposed at 950° to molecular beams of cadmium, mercury, 
phosphorus, selenium and tellurium. The resultant specimens yielded luminescence 
spectra with new bands characteristic of the introduced elements.1 

These experiments substantiated our assertion. They could not, however, 
yield results suitable for thermodynamic consideration owing to the presence of 
concentration and temperature gradients in the experimental systen. 

In the luminophor preparation procedure, i.e., introduction of an activator 
salt into the initial batch, there immediately forms the sulfide of the activator. 
At the usual heating temperatures the activator sulfides undergo thermal dissocia- 
tion with the formation of neutral atoms. 

Of great interest is elucidation of the mechanism of self-activation of zinc 
(and cadmium) sulfide and selenide phosphors. Earlier we showed that to obtain 
self-activated ZnS it is sufficient to heat pure ZnS in a closed space devoid of 
temperature gradients to a temperature high enough to insure a reasonably high 
rate of diffusion in the solid phase. From the thermodynamic standpoint there 
must occur the following processes: 

1. Transformation of part of the sulfide to the vapor state to attainment 
of saturated vapor pressure of ZnS molecules in the system. 


2. Dissociation of the sulfide in the gaseous state according to the formula 
r sali a ; PznFs 
Z0Syap— Zvap+ Svaps Kans = fén ts < 

PznS 


Inasmuch as at the same time there occurs association of the sulfur atoms 
into sulfur molecules, one can with fair approximation describe the process of 
dissociation by the formula 


2 
P 
22S yap 220yap+ Sevap» Kans = an Se PSs : 
PZns 


3. The neutral dissociation products must be distributed between the gaseous 


phase and the crystal; upon attainment of equilibrium there must obtain the rela- 
tions: 
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where the C are the concentrations of the indicated elements in the crystal, 

the ZL are the coefficients of distribution, and nz, and ns are factors indicating 
the number of particles forming in the crystal incident to penetration into it 

of one particle from the gaseous phase. 

At each temperature, assuming equili- 
brium is attained, there must exist in the 
crystal certain definite concentrations of 
neutral zinc and sulfur atoms. If, as we 
hypothesized, neutral atoms result in the 
formation of luminescence centers, then in 
the spectrum of self-activated zinc sulfide, 
in addition to the zinc band, there must 
be present a band due to sulfur. However, 
hitherto, there has been no convincing proof 


“rel 0135 8 20 30 50 75 100 
100 eg aa 


io of this.2 
Recently we succeeded in realizing 
introduction of sulfur under controlled 
conditions; the brightness of the sulfur 
band in the luminescence spectra of the 
samples is comparable to the brightness of 
A the bands of zinc and other common activa- 
400 450 500 550 600 tors. The sulfur was introduced into the 
A, system by heating ZnS, de-oxidized before- 
Fig.1. Luminescence spectra of hand by heating in H9S and in NH3, with 1% 
ZnS-ZnSe at -1969°. The figures NaCl and sulfur in tubes sealed under vacu- 
at the curves indicate the per- um. After heating at temperatures of 1050° 
cent by weight of ZnSe in the and higher there appears in the lumines- 
phosphor. cence spectrum a new band peaking at 590 


mu.3 The brightness of this sulfur band 
increases with increase of the sulfur vapor pressure. Complete suppression of 
the zinc band occurs at ps, = 40 atm. 

Thus the results of these experiments are in accord with the above mentioned 
thermodynamic requirements. The reason why the sulfur band is not observed under 
the usual conditions of preparation of self-activated phosphors is the great dif- 
ference between the values of the zinc and sulfur distribution coefficients Lzp 
and Js; an additional reason is the strong variation of Ls with temperature. The 
value of Lz, can be evaluated on the basis of the estimate of Czn given by Brill 
and the data of Pogorelov on the vapor pressure of zinc in the products of dis- 
sociation of ZnS. Evaluations yield Lan 1072, Lg can be evaluated only approxi- 
mately; it appears to be of the order of 10-4 at 1100° and varies greatly with 
temperature. The last has a simple explanation: Ls, as any equilibrium constant, 
is a function of the temperature: Elva oa where Q is the thermal effect of solu- 
tion in the solid phase. Inasmuch as the zinc vapor is monatomic, the total ther- 
mal effect can be regarded as consisting of two components: 


Qzn = zn ae Orn: 
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i 3 f re- 
where Az, is the heat of condensation of zinc vapor, and @) | is the heat o 


action with the lattice. 
In the case of sulfur, in addition to the above two components, 


add a third: 


one must 


Qs = Ks + Os +- Qdisr 
where (.;, is the heat of dissociation of the Sg molecules into atoms. Inasmuch 
as this is always an appreciable quantity, we have 
dLg _ dLz, 


ea Ee 


More convenient for checking the validity of the proposed concept are the 
self-activated phosphors of the series Zn(S,Se). We carried out a detailed in- 
vestigation of the spectra of a number of compositions at different excitation 
intensities and in the temperature range from -196° to 120° and also of the phos- 
phorescence spectra with a view to detecting the band of selenium in pure form 
and determining the variation in the intensity of the zinc band with increase of 
the ZnSe content. Some of the results are shown in Fig.l. 

As will be evident from the figure, the 
C, gat. /L : zinc band is present, although in very weak 
form, in the spectrum of pure ZnS. Thus the 
requirements for the dissociation mechanism 
£0 of self-activation are substantiated in this 
case as well. 
The ease with which ZnS is activated by 
in selenium enabled us to determine directly 
the selenium distribution coefficient Le. 
Self-activated ZnS, prepared by heating at 
Ae 950°, was exposed in sealed tubes at 950° to 
selenium vapor at different pressures to at- 
tainment of equilibrium. The time to equili- 


Gs brium varied from 5 to 30 hrs depending on 


Psee 
The resultant specimens were analyzed 
o, 10 50 100 for Se and we recorded their luminescence 
p,mm Hg spectra. The band of selenium was observed 
Fig.2. Variation of the selenium in each spectrum. The position of the band 
concentration in the phosphor peak is close to its position in the spectra 
with the Se pressure in the gase- of phosphors obtained by heating ZnS + ZnSe 
ous phase. and ZnS + Se0>5 with the same selenium concen- 
tration. 


The variation of Cs, with ps. is shown in Fig.2. It will be seen that the 
curve has two different sections: a steep section corresponding to the ps. range 
from 107-3 to 1 mm Hg and a flatter section corresponding to the range from 1 to 
87 mm Hg. This indicates that the mechanisms of incorporation of Se differ at 
high and low vapor pressures. In Fig.3 we show the initial section of the curve 
to an enlarged scale. For determining the values of the exponent nSe , the values 


m 
of C are plotted as a function of Vp for three different values of m. It will 
be seen that the curve becomes a straight line for m= nS*= 4, This means that 
in the process of incorporation of the selenium into a crystal there form four 
particles from each Sep molecule. A similar relationship was established earlier 


- 441 - 


for the intrusion of 09 into ZnO. This indicates that 
the process of incorporation of selenium can be de- 
Cresateyl scribed by the equation 


Seomst [ttle] — ofS], + 2, 


Thus it must be inferred that the selenium atoms 
are lodged at anionic sites with formation of positive 
holes and cationic vacancies. This inference was sub- 
stantiated by determination of the sign of the current 
carriers by the method of Ryvkin. With excitation by 

wana i light with } = 400 to 450 mu there obtains n-type con- 

ductivity, while with excitation by wavelengths from 

Fig.3. Variation of the 500 to 1000 mu, p-type conductivity predominates. For 
selenium concentration the section of the Cs.=/(ps-) curve corresponding to 
in the phosphor with the large ps, best results are obtained for n‘S¢ = 2, which 
Se pressure in the gase- corresponds to the reaction 
ous phase in the range 
Psex 1 mm Hg: 1) C=f(p4) , 2ZnS + Se, > 2ZnSe + S,. 
2) C= fp"), 3) C=fp. : 


Thus introduction of selenium into ZnS in the 
range of low Se vapor pressures appears to be primarily a process of solution. 
Only at high pressures and, accordingly, large Cs, does there begin to predomin- 
ate chemical reaction of the atomic selenium with the S2- ions. In the process 
the sulfur is expelled from the crystal, while the Se atoms are inactivated and 
enter into the composition of the host material. 

Further substantiation of the proposed dissociation mechanism of activation 
is the possibility of quantitative explanation from this standpoint of the great 
differences in concentration at which the zinc band is suppressed by different 
activators. The observed difference in the effectiveness of different activators 
in zine sulfide is determined by the values of the pressure of dissociation of 
their sulfides and the solubility of the activator sulfide in zinc sulfide. 

In the case of unlimited solubility the effectiveness of the activator is 
determined only by its dissociation pressure. Analysis of this question and com- 
parison of the results of analysis with experimental data will be found in Ref.5. 

Thus on the assumption that activation is realized through intrusion of 
neutral atoms into the crystal, simple thermodynamic consideration allows of ex- 
plaining a number of the important relationships obtaining between the spectral 
composition of luminescence and the conditions of synthesis of phosphors. 
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DISCUSSION 


A.M.Gurvich: In my opinion thermodynamic analysis of the formation of crys- 
tal phosphors is an extremely promising approach to investigation of phosphors, 
for it is one of the ways in which one can avoid the purely empirical approach 
to the chemistry of phosphors. Although I am strongly in favor of this approach, 
I want to note a number of specific shortcomings in the actual investigation. 

1. The authors of the report consider their phosphor system as consisting 
only of sulfides and the products of their dissociation. This simplification is 
probably inapplicable inasmuch as heating of sulfides alone, as a rule, yields 
poor phosphors. Under normal conditions of synthesis of sulfide phosphors there 
are also present in the system flux, oxygen and other ingredients, instrumental 
in the appearance of luminescence. In the process of synthesis there occur dif- 
ferent chemical reactions (see our report), compared with which the dissociation 
of ZnS plays a secondary role. 

2. The conclusion given in the abstract of the report to the effect that 
"the ability of self-activated phosphors to luminesce is the result of appearance 
of neutral atoms in the host lattice’ does not follow from the thermodynamic argu- 
ments set forth in the report itself. 

3. The optimum concentration of an activator whose sulfide is poorly soluble 
in ZnS is appreciably lower than the optimum concentration of an activator forn- 
ing a sulfide readily soluble in ZnS. To explain this, Bundel' invokes the hypo- 
thesis according to which the activator is incorporated into the ZnS lattice in 
the form of atoms, and then carries out his thermodynamic analysis on the basis 
of this hypothesis (this part of the work was published in the Proceedings of the 
Moscow Chemical-Technological Institute, No.31, 1960). But this experimental 
fact can be more easily and simply explained if it is assumed that the activator 
enters into the lattice in ionic form (see the article of N.I. Ivanova cited in 
our report, and the report of M.A.Konstantinova-Shlezinger presented at the Fifth 
Conference on Luminescence). 


INFLUENCE OF OXYGEN ON THE LUMINESCENCE PROPERTIES OF ACTIVATORLESS ZINC SELENIDE 
- L.Ya.Markovskii & R.I.Smirnova 


The luminescence of zinc selenide was first investigated by Leverenz!,2 who 
gives the spectral distribution curves for phosphors synthesized at 780° with 2% 
NaCl without activator Qmax = 643 mu) and with silver Qmax = 570 mu), copper 
Qmax = 650 mu) and manganese Qmax = 650 mu). Larach3 gives somewhat different 
values for Amax for the spectral-distribution curves of ZnSe and shows that use 
of a flux and introduction of trivalent cations results in a significant shift 
of the spectral distribution curves. He infers that activatorless zinc selenide 
actually has two luminescence bands peaking at 637 and 602 mu. Blazhnova‘, in 
her report, lists slightly different data on the luminescence of zinc deVoutiies 
The divergences between the results of different authors suggests that the lumi- 
nescence of ZnSe depends to some extent on the method of preparation of the phos- 
phor. In particular, it was shown in our report®, presented at the Seventh All- 
Union Conference on Luminescence, that the presence of oxides in zinc selenide 
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Fig.1. Spectral distribution curves of the emission of oxygen-free zinc 

selenide specimens and specimens subjected to different degrees of oxi- 

dation in the process of synthesis: a - CR excitation, b - photoexcita- 

tion, X\ = 365 mu: 1 - ZnSe without ZnO, 2 - 0.5% ZnO, 3 - 2% ZnO, 5 - 
10% ZnO. 


shifts the spectral distribution curve to the side of shorter wavelengths. In 
view of the great practical importance of this phosphor, we felt it would be of 
interest to investigate in detail the luminescence properties of pure, activator- 
less zinc selenide and to determine the effect of oxygen on its behavior. 

Recognizing the fact that none of the commonly employed synthesis procedures 
for zinc selenide (hydrogen selenide®, seleno-sulfate® and zinc-sulfide-selenite”) 
insures obtaining zinc selenide entirely free of oxygen impurity, we employed 
synthesis from the elements for obtaining our experimental raw material. The 
synthesis was carried out in the gaseoue phase at 950° under static conditions 
in an atmosphere of purified nitrogen and 20% hydrogen following a procedure simi- 
lar to that described by Pashenkin et al8. There was obtained stoichiometric 
ZnSe, which according to the data of chemical analysis, contained no oxygen and 
had a cubic lattice with a= 5.657 kx. 

Then by admission of metered quantities of air into the reaction space there 
were obtained under the same conditions specimens containing different amounts of 
oxygen. The photo- and cathodoluminescence spectra of oxygen-free and oxygen- 
containing specimens of zinc selenide are shown in Fig.1. 

The cathodoluminescence spectra were recorded in a demountable electron beam 
tube with sweep (modulated) excitation with V, = 9 kv and Ig = 2 ya/em2; the radi- 
ation was detected by an FEU-22 photomultiplier. The resultant data show that 
the presence of even 0.5% oxide is sufficient to produce a noticeable displace- 
ment of the peak of the spectral distribution curve to the short wavelength side. 
Further increase of the oxide concentration from 2-4 to 10% ZnO has no noticeable 
effect on the spectral distribution curves. For these curves Amax = 615 mu, i.e., 
they are shifted 30 mp to the short wavelength side compared to the curve for 
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Fig.2. Variation of the spectral dis- 
tribution of the emission of zinc 

selenide with the degree of oxidation 
(CR excitation): 1 - ZnSe without ZnO, 


2 - 0.5% ZnO, 3 - 10% ZnO, 4 - 20% 
ZnO. 


oxide-free zinc selenide. 

Similar results were obtained when 
the initial oxygen-free zinc selenide 
was oxidized by heating at 900° in air. 
As will be evident from Fig.2, the 
spectral distribution curves for speci- 
mens containing 0.5, 10 and 20% ZnO are 
shifted 25-30 mu to the side of shorter 
wavelengths. Complete oxidation of zinc 
selenide in air yields the earlier de- 
scribed? phosphor Zn0:Se with Ayax = 610 
mi, a value close to X\max for oxidized 
zinc selenide specimens. However, the 
short wavelength branch of this phosphor 
is shifted to the left. Hence it will be 
evident that when zinc selenide is oxi- 
dized to an appreciable degree, i.e., 
contains substantial quantities of ZnO, 
there is superimposed on the spectrum of 
activatorless ZnSe the emission spectrum 
of Zn0:Se, as a result of which the short 
wavelength branch of the spectral-distri- 
bution curve is displaced upward. The 
curves of Fig.3, which were recorded at 
different temperatures (20 and -70°) show 
that reduction in temperature does not 
result in "resolution" of the spectral 
distribution curves: \,4, is shifted 20 


mi to the left both for oxidized and for oxygen-free ZnSe specimens. 
In Fig.4 we give the spectral distribution curves of the emission of commer- 
cial zinc selenide specimens synthesized by the zinc-sulfide-selenite procedure 


and heated in nitrogen at 850°. 


As was shown earlier’, this preparation procedure 


leads to the formation of appreciable quantities of zinc oxide, which, naturally, 
shifts \nax to 615-620 mu; it must also be noted that heating of these specimens 
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Fig.3. Spectral distribution curves for ox 
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ygen-free and oxidized specimens of zinc 
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selenide recorded at different temperatures (photoexcitation): 1 - ZnSe + 1.5% ZnO 


(-70°) , 2 - ZnSe + 1.5% ZnO (20°), 


3 - ZnSe without ZnO (-70°), 4 - ZnSe without 


; ZnO (20°). 
Fig.4. Spectral distribution curves for specimens of commercial zinc 
selenide (CR excitation): 1 - 2% NaCl, 2 - prepared without flux. 
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with flux (2% NaCl) leads to further shift of Anax 
to 590-600 mu. 

Thus our experimental data clearly demonstrate 
the role of oxygen in the luminescence of activator- 
less zinc selenide. The absorption spectra of ZnSe 
specimens with different amounts of ZnO are compared 
with the absorption spectrum of Zn0:Se phosphor in 
Fig.5. It will be seen that with increase of the 
ZnO content the absorption in the short wavelength 
region decreases significantly. As follows from 
the results of x-ray diffraction studies carried 
out by Kondrashev, in the process of oxidation of 
ZnSe there form ZnSe-Zn0 substitutional solid solu- 
tions with resultant contraction of the lattice. 

On the basis of the data obtained by Kondrashev 
it may be asserted that approximately 1-1.5% ZnO 
dissolves in ZnSe; at higher oxide concentrations 
the ZnO is evinced in the diffraction patterns in 
the form of a separate phase. Thus one can corre- 
late the variation in the luminescence properties 
of zinc sulfide in the process of oxidation with 
the formation of a new phase: ZnSe-Zn0O solid solu- 

400 500 pee tion. It may, therefore, safely be assumed that 

‘"P the differences between the luminescence character- 
Fig.5. Absorption spectra of istics of activatorless zinc sulfide reported by 
Zinc selenide with different different authors are connected with differences in 
zinc oxide concentrations: the degree of oxidation of the specimens studied. 
1 - ZnSe without ZnO, 2 - 4% We desire to express our gratitude to Yu.D. 
ZnO, 3 - 10% ZnO, 4 - Zn0:Se. Kondrashev for measuring the lattice parameters of 

the zinc selenide specimens and to thank M.Z.Alek- 

sandrova for assistance in preparing and analyzing the specimens. 
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CONCERNING THE VALENCE OF Sn AND Mn ACTIVATORS IN CRYSTAL PHOSPHORS 
- N.A.Gorbacheva & V.V.Osiko 


The purpose of the present work was to investigate the variation of the lumi- 
nescence properties of Sn and Mn activated luminophors with the activator valence. 
The valence of Sn was determined by the polarographic procedure; the valence 
of Mn by the method of calorimetric and iodometric analysis. Obviously, there 
were determined the average values of the effective valence Vay of the activator 
- in the phosphor 
Ej /2* Valence system. Detailed 
results for phos- 
phors with man- 


Luminescence Heating 


conditions 


Phosphor 


(Sr ,Mg) 3(P04) 9:Sn Orange 2 ganese are given 
BaoP907:Sn Rose 2 in Ref.1. Here 
SrgP207:Sn Blue 2 we recall that as 
(Mg ,Ca) 9PO4F: Sn Violet 2 regards correla- 
(Mg ,Ba) 9PO4F: Sn Yellow 2 tion between the 
Cai cia a luminescence 
*E)/2 is the Sn half-wave potential measured in polaro- properties and 
graphic analysis. Vay of Mn activa- 


tor the investi- 
gated phosphors fell into three groups. 

In investigating the valence of tin we worked with a group of phosphate phos- 
phors. The results obtained are shown in the accompanying table. It will be evi- 
dent that despite differences as regards their luminescence spectra, the tin was 
present in all these phosphors in the divalent state. Oxidation of the tin, that 
is, conversion of it to the tetravalent state; and reduction of the tin to the 
elemental state resulted in disappearance of the luminescence. It was also found 
that a reducing atmosphere was not necessary in all cases to obtain Sn in the di- 

valent state: some of the phosphors were 
obtained by heating in air of a batch con- 
taining a reducing agent (ammonium salts 
which at t = 1000° decompose (with evolu- 
tion of hydrogen) 2. 
ies ; To clarify the character of the corre- 
lation between the activator valence in the 
phosphor system and the heating temperature 
and atmosphere and the activator concentra- 
tion we investigated the "model phosphor" 
system ZnO-Mn0-09. The specimens, consist- 
ing of intimate mixtures of ZnO and Mn0o, 
were heated at different temperatures in a 
stream of oxygen or pure nitrogen. 


L0 


25 «Variation of the average valence of man- 
ganese as a function of the Mn content, and 
the heating temperature and atmosphere; 
heating time in all cases 30 min: 1 - 600° 
in 02, 2 - 600° in Ng, 3 - 800° in 05, 4 - 
300° in No, 5 - 1000° in O5, 6 - 1000° in 
No, 7 - 1200° in O95, 8 = 1200° in No. 


Q05 Of G2 OF 1 2 § 10152030 50 100 
MnO, mole % 
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ql The values of the average valence of Mn in the resultant specimens are shown 
in the accompanying figure. It will be seen that, other conditions being equal 
Vay is strongly dependent on the Manganese content. It will also be evident inet 
uD ato a certain Mn concentration Vay = 2 regardless of the heating atmosphere; 
this means that in this case the Mn valence is wholly determined by the crystal- 
lochemical structure of the base material. Thus it follows that the average man- 
ganese valence may differ in the same phosphor heated under the same conditions, 
depending on the manganese concentration. It must also be borne in mind that 
change in the valence state of the activator is, as a rule, accompanied by change 
in the phase composition of the phosphor. Thus we showed that in the case of 
heating in oxygen of Zn0-MnO solid solutions with a high manganese content these 
Single phase systems stratify: next to the (Zn,Mn)O phase (the manganese content 
in which is reduced) there appears a manganese oxide phase, which can readily be 
distinguished under a microscope. 
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PHOSPHATE LUMINOPHORS FOR FLUORESCENT LAMPS WITH IMPROVED COLOR CHARACTERISTICS 
- N.A.Gorbacheva, B.M.Gugel', M.A. Konstantinova-Shlezinger, 
E.S.Lapir & T.G.Rutshtein 


In view of the ever expanding use of fluorescent lamps the problem of develop- 
ing lamps with emission characteristics insuring correct color rendition has be- 
come actue. For such lamps one must have phosphors with wide luminescence spectra 
so that the radiation produced by a mixture of two or three phosphors will approxi- 
mate "white light". In addition, the phosphors should have a high quantum effici- 
ency, both initial and during the service life of the lamp. Among such phosphors 
are barium-titanate phosphate! »2 (BTP) and Sn activated strontium-magnesium phos- 
phate? (SMP). In the present work we investigated these phosphors. In addition, 
we established that introduction of Bg03 into SMP yields a phosphor with a high 
temperature stability of luminescence; hence the phosphor is suitable in princi- 
ple for correcting the color of high-pressure mercury lamps. The BTP was prepared 
by baking a mixture of BaHP04, Ti0g and BaFyg at 1075° for 3 hours. The BaHPO4 was 
obtained by precipitation at different pH. We tested batches of different compo- 
sition with 2Ba0:P905 ratios from 1.9:1 to 2.1:1 but with a constant Ti0p concen- 
tration (0.26 mole/mole BTP). The experimental data on the brightness and emis- 
sion stability of the phosphor specimens are listed in Tables 1 and 2. In Table 
1 we also give data on the quenching effect of Mn impurity in BTP. The spectral 
composition of the luminescence of the phosphate luminophors is shown in Fig.1. 

It will be evident from the data of Table 1 that the brightness of BTP rapid- 
ly decreases with introduction of excess BaO; on the other hand, an excess of 
P2905 (up to 5 mole percent) has no noticeable effect. This substantiates the 
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Table 1 
Characteristics of barium-titanate phosphate phosphors (BTP) 
Quantum Light output 


Ree le awetetevac 


Phosphor “| effici- 15 watt lamp, 
ness Stability ency, % lu/w 
a : 100 From 79 to 75 36 
2Ba0°0.26 Ti09°P 205 ee ee 
ferent samples 
2.1 Ba0-0.26 Ti0,*P205 7 64 =. | 2 
2.2 Ba0’0.26 Ti0g*Po0.5 71 93 — 
1.95 Ba0°0.24 Si09°P905 102 75 | -—— -- 
1.95 Ba0°0.22 Ti09°*Po05 68 75 | -~ -- 
0.003% Mn 95 -- | -- | a= 
0.01% Mn 68 -- | ms = 
2 Ba0-0.26 Ti09*P5054 0.03% Mn 63 -- | == | ae 
0.1% Mn 44 —= | my ee 
0.3% Mn 41 -- ae ae 
Table 2 
Characteristics of strontium-magnesium phosphate phosphors (SMP) 
| Relative Light out- 
Phosphor Method of stability| effici- | put 15 watt 
preparation ‘in lamps lamp, lu/w 


1.Three-stage heat- 
ing; reduction of 
Sn in NH3- 106 ~100 32 
2.Two-stage heat- 

ing; reduction of 

(Srg,63M8q_ 34) (P04) eSN9 94 | Sn in NH3 or with 

carbon. 104 , ~100 32 
3.Three-stage heat- | 

ing; Sn in the form 
of H3C-SnOOH with- 
out reducing atmos- 


phere. 91 ~100 -- 
(Srg, Mg, 3) (P04) 2Sng_ g4- Heating with carbon 
[Bo03. or in an atmosphere 

of 96% No + 4% Ho. 100 ~100 -- 


data of Harrison” on the existence in BTP of a nonluminescing BaO rich phase ab- 
sorbing UV radiation (in contrast, an excess of P205 should not lead to absorp- 
tion of ultraviolet). It is interesting to note that with a large excess of BaO 
the phosphor, although less bright, is characterized by good stability, possibly 
better than the normal BTP phosphor. As is known, the emission stability of 
phosphors in fluorescent lamps is determined by a) the concentration of the main 
activator (the stability increases with main activator concentration) and b) the 
specific intensity of the exciting ultraviolet (mainly 185 mu) (the stability de- 
creases with increasing UV intensity). 
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Fig.1. Luminescence spectra of phosphate phosphors with excitation by 2537 A: 1 - 
2Ba0+0.26Ti03°P205, 2 - (Srg_ Mg _ 3) (P04) 28np 94[B0,] at 300°, 3 - same at 20°, 
4 ~ (Gr, 6aMgo, 34) (P04) 28n9 4: 
Fig.2. Temperature dependence of the luminescence brightness of strontium- 
magnesium phosphate luminophors with excitation by \ = 365 mu: 1 - 


(Sr2,7Mgo, 3) (P04) 28n9 o4[B203] 0.4 2 - (Srg, ggM@o, 34) (P04) 28mg 4. 


In the presence of excess BaO there forms the compound 4Ba0+3Ti09*P505, as a re- 
sult of which the concentration of Ti activator is effectively reduced and owing 
to absorption of UV by this compound, the intensity of excitation of the activa- 
tor is diminished. This explains why with the introduction of excess BaO the 
stability of BTP phosphors is first reduced and then enhanced. 

The SMP phosphors were prepared by heating SrC0., MgCO3, (NH4) gHPO, and Sn0o. 
Three different procedures were employed: 1) heating at 600° for 1 hour in air; 
then after grinding repeat heating at 1200° for 2 hours in air and, finally, heat- 
ing at 1200° for 30 min in NH3; 2) heating from room temperature to 1200° (hold- 
ing time 1 hour) and second heating at 1200° for 30 min in NH3 or in contact with 
carbon; 3) heating of the phosphate and carbonates (without Sn) from 20 to 1200° 
(holding time 1 hour), grinding with the addition of H3C°Sn00H and final heating 
in a sealed tube for 30 min at 1200°. In general the resultant phosphor is a 
yey strontium-magnesium orthophosphate with the composition (Sr2,¢3Mgo, 34) (P04) 9- 

a ae spectral distribution of the emission of this phosphor is shown in Fig. 
1. Data on the influence of the method of preparation on the quality of the phos- 
phor are given in Table 2. With introduction into the phosphor of 0.4 mole Bo03 
and increase of the Sr0 content to the orthophosphate level there is obtained 
mixed Sr-Mg borophosphate. Heating of this phosphor was carried out at 1050° 
in the presence of carbon or in an atmosphere of 96% No + 4% Hp. The quantum 
luminescence efficiency of this phosphor is ~100%. 

Data on the emission stability in lamps are given in Table 2; data on the 
temperature stability in Fig.2. The brightness of the phosphor with B903 under 
excitation by 313 mu photons is 125% referred to the brightness of a sample of 
(Sr ,Zn) 3(P04)9:Sn obtained from the GIPKh (State Institute of Applied Chemistry). 

The SMP phosphors have a high quantum efficiency and good stability, and can 
therefore be recommended for use in fluorescent lamps. 

A mixture of 50% BTP and 50% SMP was used for preparing test 15-watt frluores- 
cent lamps with improved color rendition; these lamps had a color temperature of 
4500°K, a Harrison factor of 86% and a light output of 34 lu/w. For purposes of 
comparison we recall that similar lamps Epes from a mixture of calcium halo- 
phosphate, calcium silicate and willimite* with the same light output had a Har- 
rison factor of 83%. Using a mixture of 70% L-38 phosphor (Sb activated calcium 
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halophosphate) and 30% SMP one can obtain lamps with a color masa cere of eee 
and a Harrison factor and light output equal to those of commercial pie aes 
lamps fabricated from a mixture of 85% L-39 phosphor (Sb and Mn pr aee calc 
halophosphate) and 15% L-37 phosphor (Mn activated magnesium-arsenate). 
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EFFECT OF REPLACEMENT OF THE BASE MATERIALS OF PHOSPHORS 
ON THEIR LUMINESCENCE PROPERTIES 
- M.-L. Yu.Allsalu 


In recent years there have appeared in the literature numerous descriptions 
of phosphors in which the base material is not a single compound but a mixture. 
The heightened interest in such complex systems is not fortuitous. By replacing 
part of the atoms or ions of the host by foreign atoms or ions one can realize 
different and in many cases useful effects. 

The main base material used in the present study was Mn activated SrSbo90g. 
Despite the fact that the emission band of this phosphor lies in the blue region 
Qmax ~ 470 mu), a location unusual for Mn, we have every reason to assume that 
this luminescence does belong to manganese. 

In the substitution experiments we replaced components in both the cationic 
and anionic parts of the phosphor. The composite phosphors were prepared by heat- 
ing mixtures of the powders, usually at 1100° (in some cases, 12009). We synthe- 
sized a number of compositions in the Sr0°Sb905-Be0*Sbo005 system, the end members 
of which differ markedly as regards their luminescence properties. The data ob- 
tained for the phosphors of this system are shown in Figs.1l and 2 (curves 1 and 
1'). It was found that introduction of fairly large amounts of the small and 
strongly polarizing Be ion does not affect the cathodoluminescence spectrum of 
SrSbo0¢:Mn; only at very high concentrations of Be (>50 mole percent) does there 
begin to form the characteristic independent band of BeSbo90¢: Mn Ota = 545 mu). 
Apparently, introduction of Be facilitates ordering of the SrSbo0g lattice; this 
is indicated by the character of the excitation spectra, the substantial increase 
in luminescence brightness and the general appearance of the powders. Noteworthy 
is the great difference between the luminescence spectra under cathode-ray as com- 
pared with long wavelength ultraviolet excitation. In the latter case there pre- 
dominates an orange-red band (observed for BeSb30¢:Mn), the brightness of which 
decreases with decrease of the Be concentration. In this system one can obtain 
phosphors with pure white emission thanks to the favorable conjunction of the blue 
and yellow bands of Mn. 

With replacement of the host cation by calcium, the luminescence band of 
SrSb90g:Mn is broadened and shifted to the side of longer wavelengths; this indi- 
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Fig.1. Cathodoluminescence spectra of 
(Sr0°Be0)Sb905:Mn phosphors: 1 - Sr0- 
*Sb905,(0.9 Sr0-0.1 BeO)Sb905, (0.75 


Fig.2. Composition depend- 
Sr0-0.25 BeO)Sb905; 2 - (0.5 Sr0°0.5 


ence of the intensity of 


Be0)Sb205; 3 - (0.25 Sr0-0.75 BeO)Sb205; the emission bands of indi- 
4 - (0.15 Sr0-0.85 BeO)Sb205; 5 - (0.1 vidual compenents: - 1 - 
Sr0-0.9 BeO)Sb905; 6 - (0.05 Sr0-0.95 (Sr0-Be0)Sb205:Mn; 2 - 
BeO)Sb905; 7 - BeO*Sb205. In all cases Sr0(Sb205+P205) :Mn. 


Theat = 11009; Cy, = 0.1%. 


+Fig.3. Cathodoluminescence spectra of Sr0 
(Sb905°P905):Mn phosphors: 1 - Sr0-Sb205; 
2 - Sr0(0.9 Sb205-0.1 P2005); 3 - Sr0(0.85 
Sb205°0.15 P2905); 4 - Sr0(0.8 Sb905°0.25 
P2905); 5 - Sr0(0.75 Sb905-0.25 Po05). 


lf 
100 


50 
5 cates the formation of a solid solution in the 
4 system. Na, Ba, Mg and Zn can be introduced into 
J the lattice in very large amounts (up to 50 mole 
0 / percent) without substantial effect on the emis- 
450 500 550 nae sion spectrum. Introduction of these elements 
“ale in concentrations of 5 to 15 mole percent even 
enhances the luminescence brightness of SrSbo90¢: 
:Mn. Introduction of Tl (5 weight percent) in- 
creases the luminescence brightness by a factor of 3 without significant altera- 
tion of the luminescence and excitation spectra. 

Effects analogous to those observed with introduction of Be are observed 
when the Sb is replaced by As in the anionic part of the phosphor. The independ- 
ent band of SrAs90g:Mn (max ~ 575 mu) appears only at high As concentrations. 
Smaller amounts of arsenic do not produce any change in the spectrum of SrSbo0¢: 
:Mn, but only increase the luminescence intensity by increasing the degree of 
crystallization of the material. 

When the antimony oxide is replaced by phosphorus oxide there appear in the 
luminescence spectrum two independent bands peaking at 470 and 565 mu even at a 
relatively low P concentration (Fig.3 and curves 2 and 2' in Fig.2). A nearly 
white luminescing phosphor can be obtained by proper combination of the two com- 
ponents. There is virtually no smearing out of the 470 my band with introduction 
of phosphorus. This indicates that there are present in this phosphor two inde- 
pendent crystal phases, which do not form a solid solution. Introduction of P905 
also improves the crystalline structure of the host phosphor. 
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Replacement of part of the oxygen in the phosphor by fluorine (up to 16.7 
mole percent) has no effect on the shape of the luminescence spectrum. In con- 
trast, a substantial change is observed in the excitation spectrum: the long wave- 
length tail of the excitation curve broadens and there gradually forms an inde- 
pendent peak at 300 mu. As a result the phosphor begins to luminesce rather 
brightly even with stimulation by long wavelength ultraviolet (UFS-2 filter). 

It is significant that in the case of introduction of fluorine, for obtain- 
ing a uniformly luminescing powder and formation of the long wavelength peak in 
the excitation spectrum a high heating temperature (to 1200°) is required. This 
is probably connected with the circumstance that incident to replacement of di- 
valent oxygen by monovalent fluorine in the lattice there forms an excess charge 
which must be compensated for by elimination of part of the antimony. This oc- 
curs only at high temperature by evaporation of the antimony in the form of Sb203. 
Specimens obtained at a lower temperature luminesce orange-red under long wave- 
length ultraviolet excitation. This luminescence is probably due to an excess of 
Sb904 forced out of the lattice. 

Replacement of Sb by Bi leads to coloring of the phosphor and suppression 
of its luminescence. 

Iron is a strong quencher of the luminescence of SrSb90g:Mn. Pb and Cu ex- 
ert a weaker but noticeable quenching effect. 

I desire to express my deep gratitude to A.V.Moskvin for his guidance in 
the work. 
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LUMINESCENCE OF LANTHANIDES IN THORIUM OXIDE 
- A.K. Trofimov 


The basic procedure in luminescence microanalytic determination of rare earth 
elements consists in observation of the luminescence of crystal phosphors contain- 
pHs the determined elements as activators. Among the numerous compounds that are 
suitable for use as the base material in preparing such phosphors, thorium oxide 
stands out as regards brightness of the luminescence. Yet the iuwineccanne pro- 
perties of rare earth activated ThOg phosphors have scarcely been investigated. 
There are no detailed data in the literature on the luminescence spectra and no 
information on the limiting concentration detectable by observation of the lumi- 
nescence.1-3 The present work was concerned with investigation of the lumines- 
cence spectra of trivalent lanthanides in thorium oxide for the purpose of evalu- 
ating the possibility of utilizing the spectra for analytic purposes. 


Lines mt 
detectable 
concentration, % 


Activator 
Analytic 
Minimum 


Pr 640 §-10°% 
$m 610 5-107 
Fu 593 0% 
Th 543 10% 
iby 576 10% 
Ho 550 10% 


cad of3 107% 


° ae o | 8 : Dit peed 
S341A |  — 3131A || 126A 2815A | 2755 A 


Luminescence spectra of rare earths in thorium oxide. 


The luminescence of the phosphors was excited primarily by short-wave ultra- 
violet. The use of a GOI (State Optical Institute) spark phosphoroscope# as the 
excitation source enabled us to observe the luminescence in any part of the spec- 
trum without using light filters, which is particularly important where observa- 
tion of the ultraviolet emission of Gd is concerned. The luminescences of Pr, Sn, 
Eu, Tb, Dy, Ho, Er and Tm and of ThOg lies mainly in the visible region. The lumi- 
nescence spectra of thorium oxide phosphors activated by the investigated rare 
earth elements are reproduced in the accompanying figure. It will be seen that 
most of the spectra are predominantly line spectra. For almost all of them one 
can indicate a bright line that can conveniently be utilized as the analytic line. 
The wavelengths of these analytic lines are listed at the right in the figure.* 


*A detailed description of the spectra of all the investigated lanthanides 
in thorium oxide will be published elsewhere. 
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It is difficult to choose an analytic line for ThOo5:Er because the group of 
brightest lines of Er (550-520 mu) coincides in wavelength with groups of bright 
lines due to Ho and Tb. The last two elements can be identified not only by 
means of their analytic lines but also from their characteristic luminescence: 
yellow-green (560-550 mu) for Ho and green (430-440 mu) for Tb. 

In the figure we also list the minimum concentration of each element detect- 
able under the usual conditions of photographing luminescence spectra. Increase 
of the activator concentration for all phosphors leads to a proportional increase 
in the luminescence intensity up to a content of about 0.1%, which is the upper 
concentration bound for quantitative determination of these elements by the lumi- 
nescence procedure. The luminescence of Nd and Yb is located in the infrared9 
and could not be recorded by our photographic materials. 

Crystalline thorium oxide is not only a good host for rare earth phosphors, 
but, as was shown earlier6, is an excellent acceptor of lanthanide ions. The ef- 
fect of directed thermal diffusion of rare earth elements into thorium oxide was 
utilized by us in developing an entirely new technique for quantitative determina- 
tion of gadolinium in metallic beryllium.’ It should be possible to use this 
technique for microchemical determination of lanthanides in minerals containing 
low concentrations of these elements. 

I desire to thank P.P.Feofilov for his guidance in the work. 
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INFLUENCE OF THE SYNTHESIS CONDITIONS ON THE LUMINESCENCE OF ZINC OXIDE 
- Ya.M.Zelikin 


The visible part of the luminescence spectrum of zinc oxide, in addition to 
a green band peaking at ~510 mi, generally includes a yellow band at about 610 MUL. 
Different authors have expressed divergent and sometimes contradictory opinions 
regarding the nature of the centers responsible for the yellow band. For example, 
attempts have been made to attribute the yellow band to excess zinc.1!,2 This hypo- 
thesis must, however, be rejected if only because the yellow band disappears after 
heating of the zinc oxide in a reducing or inert medium and reappears or is inten- 
sified as a result of heating in an oxidizing medium. 

More justified, we feel, is the assumption3~9 that excess oxygen is responsi- 
ble for the yellow luminescence. It is not impossible, however, that the yellow 
luminescence centers may be formed by some extraneous impurity and that the oxy- 
gen, which quenches the green band, only favors the yellow luminescence. Randall®, 
for example, attempted to attribute the activating effect to manganese. However, 
~ Osiko9 conclusively showed that manganese is not an activator of ZnO. In order 
to identify the effective impurities we investigated the influence of different 
metals on the yellow band. We found that only in the case of divalent cadmium 
and magnesium and trivalent aluminum, gallium and indium is there a noticeable 
enhancement of the yellow band. All our attempts to obtain by thorough purifica- 
tion ZnO that would not yield a yellow band after heating at high temperature in 
an oxidizing medium failed. In view of this it may be inferred that the yellow 
luminescence is an attribute of pure ZnO. 

It has been hypothesized! »? that the yellow band is associated with a high 
temperature modification of ZnO. This hypothesis is plausible in view of the data 
in the literature and the results of our observations, in particular, the fact 
that the yellow band appears at temperatures close to the temperature of the hy- 
pothesized polymorphous transformation of zinc oxide. It must be noted that the 
available crystallographic data on the existence of two modifications of ZnO are 
contradictory. Some authors® 59 report the existence of two modifications, while 
othersl0-12 indicate that there is only one. X-ray diffraction studies carried 


-170 -150 -130 -110 
500 600 ne a, 
Luminescence spectra (a) and glow curves (b) of zinc oxide samples heated for 40 
min in a stream of oxygen. The heating temperatures are indicated at the curves. 
In (a) the ordinates of the peaks of all the spectra are normalized to unity. 


- 456 - 


out at room temperature on samples heated at different temperatures show the same 
wurzite structure.13 This, in our opinion, cannot be taken as proof of nonexist- 
ence of high temperature modification, inasmuch as this may be unstable at room 
temperature. Thus, it is entirely possible that upon cooling to room temperature 
the lattice as a whole assumes the normal, stable structure, butethar *hherespern= 
sist defects, which serve as yellow luminescence centers, about small residues of 
the high temperature modification. In order to check this hypothesis, we recorded 
Debye diffraction patterns for ZnO at room temperature and at 900°. The prelimi- 
nary results did not show the presence of a high temperature modification in ZnO. 

Our experiments convinced us that no yellow luminescence centers are formed 
in zinc oxide as a result of heating in the absence of oxygen (with or without im- 
purities) at temperatures in the range from 500 to 12009. The presence of oxygen 
is a necessary condition for the formation of yellow luminescence centers. Fur= 
ther, the experiments show that in the presence of oxygen the zinc oxide must be 
heated to a temperature of not less than 700° for yellow luminescence centers to 
form. Even 20 hours heating at 60° did not result in the formation of yellow lu- 
minescence centers. Apparently, a further essential condition is the presence of 
a certain defect structure. The above mentioned intensifying influence of some 
metals is consistent with the assumption of a defect structure in zinc oxide spe- 
cimens luminescing yellow. Possibly the role of the metals reduces mainly to the 
formation of defects which, however, may also form in the pure oxide under appro- 
priate conditions. 

Data on the thermostimulated luminescence of ZnO samples heated at different 
temperatures in a stream of oxygen indicate that the specimens exhibiting a yellow 
luminescence band are also characterized by the presence of an additional glow 
curve peak (see figure). In general, specimens with yellow luminescence store a 
larger light sum. This is further evidence in favor of the assumption that speci- 
mens with yellow luminescence have a structure with more defects. 


Scientific-Research Physical Institute, 
Leningrad State University 
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QUENCHING AND STIMULATION OF THE LUMINESCENCE OF ZINC OXIDE UNDER THE INFLUENCE 
‘ OF ADSORBED AND CAPILLARY-CONDENSED VAPORS AND GASES 


- K.V. Tagantsev 


Investigation of the influence of vapors and gases on the luminescence of 
crystal phosphors is of interest from two standpoints. On the one hand, such in- 
vestigations allow of determining the extent to which surface levels are involved 
in the luminescence and, on the other hand, they serve to elucidate the course of 
the physical-chemical processes (adsorption, catalysis, chemical and photochemi- 
cal reactions) occurring on the phosphor surface. The present work was a continu- 
ation of the research undertaken in collaboration with A.N.Terenin! and reported 
on at the Fifth Conference on Luminescence in Tartu. 

For the purpose of the present investiga- 
tion we took zinc oxide which was prepared by 
burning zinc in air; in some cases the speci- 
mens were subjected to further treatment. All 
the specimens had either exclusively or predom- 

Ng inantly a green luminescence band peaking at 
510 mu. Prior to the experiments the zinc ox- 
ide was aged in high vacuum for 4 hours at 200°. 
The luminescence was excited by the light from 
a PRK-4 mercury tube through a UFS-3 ultraviolet 
filter. The luminescence intensity was measured 
by means of a differential photoelectric photo- 
meter built in our laboratory. In order to ex- 
clude the influence of light on the adsorbent- 
Fig.l. Quenching of luminescence adsorbate system the luminescence was observed 
of ZnO with time during dark ad- during the period of short-term light flashes 
sorption of NO (short-term illu- (usually 10 sec) with dark pauses of not less 
mination) and stimulation of the than 5 min between flashes. We also investi- 
luminescence under prolonged il- gated the effect of continuous illumination. 


lumination: 1 - NO pressure, 2 - The following results were obtained. 
luminescence under short-term il- 1. Nitric oxide (NO), even at a pressure 
lumination, 3 - luminescence un- of a few tenths of a millimeter Hg quenches the 
der continuous illumination. luminescence under short-term illumination; upon 


transition to prolonged illumination the quench- 
ed luminescence is partially restored (Fig.1). 

2. Acetone and benzene vapors have a similar effect. 

3. Ng0, CO and COs. in the gaseous state have no discernible influence on the 
luminescence. 

The variation in intensity of luminescence with the pressure of different 
gases and vapors is shown in Fig.2. 

What is the mechanism of the observed effect? 

According to the most widely held view2,3, the photoconductivity and green 
luminescence centers in zinc oxide are thermally ionized excess Zn atoms. Emis- 
sion of light (luminescence) occurs as a result of recombination of these centers, 
which are probably ionized by the exciton mechanism, with conduction electrons. 2 
The mechanism of luminescence quenching of ZnO by nitric oxide is apparently the 
same as the mechanism proposed! ,4 for quenching by oxygen, namely, the adsorbed 
nitric oxide molecules in the dark trap electrons from the conduction band, which 
leads to upward curvature of the energy bands and electron depletion of the con- 
duction band at the surface. The last reduces the probability for recombination 
of the ionized centers with conduction electrons, and is evinced in the form of 
weakening of the luminescence. 
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This hypothesis regarding the trapping 
of electrons by the adsorbed nitric oxide 
molecules is substantiated by the experiments 
of Filimonov? in our laboratory; he observed 
the infrared absorption of thoroughly de- 
gassed zinc oxide and found that it extends 
from 3.5 wp into the long wavelength region. 
This absorption is due to electron transitions 
to the conduction band. Upon admission of 05 
or NO into the experimental chamber the ab- 


G5 


Boeodooexdeod 


SWNYAAKRSN> 


Gf 1,0 10 100 sorption is weakened, which indicates trap- 
ee ping of electrons from the conduction band 
Fig.2. Variation of the lumines- or from local levels (traps) by the adsorbed 
cence intensity with the pres- Og or NO molecules. 
sure of different vapors and In absorption of light by a crystal hav- 


gases under short-term illumina- ing upon its surface adsorbed molecules part 
tion: 1 - C05, 2- CO, 3 - No, of the excitons produced by the incident light 


4 - NO, 5 - adsorbed acetone, 6- are broken up on the adsorbed molecules, lead- 

- capillary-condensed acetone, ing to release of their electrons and desorp- 

7 - adsorbed benzene, 8 - capil- tion of the molecules under the influence of 
lary-condensed benzene. the excess energy. This process must lead to 


reduction in the upward curvature of the bands 
and to increase in the concentration of electrons in the conduction band near the 
surface, which is evinced in transition from short-term to prolonged illumination 
in the form of enhancement of the luminescence. 

The mechanism of luminescence quenching by benzene is probably somewhat dif- 
ferent. As was shown by Vilesov & Terenin® by measurements of the photoelectric 
work function, in the case of adsorption of benzene on zinc oxide there occurs 
polarization of the benzene and the negative ends of the dipoles are turned to 
the side of the zinc oxide. This must lead to increase in energy of the electrons 
in the surface layer, i.e., to upward bending of the energy bands which, in ac- 
cord with the proposed mechanism, should lead to weakening of the luminescence. 

As will be evident from Fig.2, capillary-condensation of acetone and benzene 
vapors results in great weakening of the luminescence. One could attempt to in- 
terpret this effect by means of a mechanism similar to that described above. It 
must be noted, however, that the ''quenching” of luminescence by benzene and ace- 
tone in the condensed state is also exhibited by specimens of zinc oxide and ura- 
nyl glass, the luminescence of which is not quenched by the respective vapors. 

It follows, therefore, that the observed weakening of luminescence as a result 
of capillary-condensation of acetone and benzene is connected mainly with change 
in the conditions of diffuse scattering of light. This is substantiated by mea- 
surements of the attenuation of visible light scattered by ZnO as a result of 
capillary-condensation of benzene; this attenuation is of the same order of mag- 
nitude as the "quenching" of luminescence. 

It was noted in Ref.1 that dry oxygen produces quenching of luminescence in 
the case of a number of specimens, while in the case of other specimens it is ef- 
fective only in the presence of water. Repetition of the experiments under con- 
ditions of higher purity substantiated the above mentioned observations and also 
the hypothesis that the quenching of luminescence by oxygen in the presence of 
water occurs owing to lowering of the acceptor level of oxygen upon approach to 
it of dipole molecules. If this hypothesis is correct, the lowering of the ac- 
ceptor level and, consequently, the quenching of luminescence must be particu- 
larly noticeable at high concentrations of dipole molecules, i.e., in the case 
of capillary concentration. Our new experimental data substantiate this: 
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I desire to express my deep gratitude to A.N.Terenin for his guidance in 
the work. 


Photocatalysis Laboratory, 
Leningrad State University 
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INVESTIGATION OF THE THERMAL ACTIVATION ENERGY FOR OPTICAL QUENCHING 


OF SOME CRYSTAL PHOSPHORS 
- V.L.Levshin & B.M. Orlov 


The present work was devoted to investigation of optical quenching of crystal 
phosphors, which, as is known, depends on the temperature!,2, As far as we know, 
the effect has not been studied quantitatively. Hence we felt it would be of in- 
terest to determine how the activation energy for quenching depends on the wave- 
length of the quenching light and the depth of the trapping levels. 

If we use So to denote the area under the glow curve corresponding to a 
single trapping level, recorded without preliminary quenching of the phosphor by 
IR light, and S;to denote the area under the curve recorded after quenching with 
IR at a temperature 7, we can write 


AS 7 => Y- — Sp => Ae—E/kT » (1) 


where A is a constant and E is the quenching activation energy. 
From (1) it follows that 


2.3 log ASr + B=——_, (2) 


where B is a constant; i.e., the logarithm of the quenched light sum varies line- 
arly with 1/7. From the slope of the log AS; = /(1/7) plot one can calculate the 
activation energy for quenching. 

In the present investigation we used three different phosphors with traps 
of different depth, namely, ZnS, ZnS:Co and CaS:Bi. 

In the case of pure 
ZnS, the value of AS, for 
the level corresponding 
to the glow curve peak 
at -60° varied very slow- 
ly with temperature. 
Hence we could not calcu- 
late E for the given lev- 
el inasmuch as the value 
of the energy is apparent- 
ly close to the experi- 
mental uncertainty. One 
can only say that in this 
case for all AyR the acti- 


J 
0 ZU ecm WACERICL Fa 38 42 4,6 1077 vation energy E is smaller 
care than 0.02 ev. 
Fig.1 ZnS:Co yields a glow 


curve with a peak at 90°, 

Fig.1l,a shows a series of curves for this level, recorded after quenching the 
phosphor with X = 1.3 uw light at different temperatures. Line 1 in Fig.1,b re- 
presents the experimental variation of log AS, with 1/T for this case; from the 
slope of this line we calculated E. 

Similar measurements were carried out using other IR wavelengths: 0.8, 0.9 
1.0 and 1.2 uw (see table). The average value of the quenching activation energy 
E for this level was found to be 0.098 ev. 

More detailed investigations showed, however, that the calculated value of 
E depends somewhat on the magnitude of the quenched light sum. In the experiments 
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Summary of experimental results: values of Eay 


H 
Phosphor 1=0,72/08p |0.9p | 10n [itp b42n [43H | Bay 
ZnS <0,02/<0,02'<0,02)<0,02/<0,02/<0,02/<0,02/<0,02 
ZnS — Co | 
(AS =15%) —  j 0,092) 0,105) 0,096). — | 0,096] 0,104) 0,098 
ZnS — Co 
(AS'p =50%) = 4 0,104) 0,106) 0,107) — | 0,105) 0,110) 0,406 
CaS — Bi On27 2) O83 20,294) 05305 )5 —- thee — | 0,30 


mentioned above the maximum quenching did not exceed 15% of S,. If the quenching 
is increased to approximately half the total light sum stored, the variation of 
log AS; with 1/T for \X = 1.3 uw is given by straight line 2 in Big, Ose. Ne tis 
case Egy = 0.106 ev, i.e., is 8% larger than the value of Eay adduced above. 

CaS:Bi phosphor has a glow curve with a peak at 230°. As a result of ex- 
periments with this phosphor we obtained values of E equal to ~0.3 ev for all 
IR wavelengths used. 

All the experimental results are summarized in the 
accompanying table. 

It follows from these data that for any given level 
E does not depend on AyR. Moreover, the deeper the trap- 
ping level, the greater E. This explains the increase 
of the activation energy for quenching with increase of 

IR irradiation shifts the giow curve peak to the 
side of higher temperatures inasmuch as it depopulates 
mainly the shallower traps. The value of E calculated 
in this case characterizes the deeper trapping levels and, 
hence, is somewhat greater than the true average. 

Earlier? we obtained similar regularities for the 
thermal activation energy of optical flash of ZnS:Cu:; Pb 
phosphors; the activation energy for levels of the same depth was found to be ap- 
proximately two times greater than the above values. 

It must not be assumed that because E does not vary with AqR, IR irradiation 
of different wavelengths actually has the same quenching effect. The IR quench- 
ing spectra for CaS:Bi (solid line) and ZnS:Co (dashed line) are reproduced in 
Fig.2. These curves clearly illustrate the selective nature of the IR quenching 
effect. 


Physics Faculty, 
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DISCUSSION 


Ch.B.Lushchik: V.V.Antonov-Romanovskii and N.A.Tolstoi have published a 
number of contributions describing their investigations of the de-exciting action 
of exciting light (radiant release of stored energy by incident light). Never- 
theless, the physical essence of the processes involved in this de-exciting action 
is still unclear. In recent years in Tartu we have been carrying on detailed in- 
vestigations of the de-exciting action spectra. We measured the decrease in the 
number of electrons localized on definite trapping levels after additional ex- 
posure of the excited crystal to equal numbers of photons of different frequen- 
cies. We judged of the decrease of electronsin the traps from the change in ab- 
sorption, thermostimulated luminescence, optical flash, photostimulated emission, 
photoelectric polarization, stored light sum, etc. 

It was found that decrease in the number of F centers occurs not only as a 
result of their photothermal ionization but also incident to photothermal release 
of holes from trapping levels, incident to ionization of the F centers by exciton 
impact, in the process of sensitized de-excitation by resonance energy transfer 
to the F centers from other electron color centers, etc. Actually all these ele- 
mentary de-exciting action mechanisms depend on temperature. The temperature de- 
pendence is particularly strong in the case of photothermal release of electrons 
and holes from trapping levels. We feel that at least in the case of alkali hal- 
ide crystals there is realized mainly photothermal (rather than thermooptical) 
ionization of the centers. This is substantiated by parallel investigations of 
infrared fluorescence of color centers and their photothermal stability. The at- 
tributes of most potential wells, serving as electron and hole traps, are such 
that, in addition to the ground state of the center, there may also be an excited 
state. Only in the case of F centers does there occur direct optical ionization. 

In general, the values of the activation energy for thermal ionization of ex- 
cited optical centers differ for different centers. There is no unique relation- 
ship between the position of the center absorption band and the magnitude of the 
activation energy. 

The quantum efficiency of the de-exciting action is constant within the range 
of the elementary absorption bands. After optical excitation of centers there 
was first established equilibrium distribution of the centers over vibrational 
energies and only then was there realized their thermal ionization. Photothermal 
ionization of centers cannot be properly considered in the framework of the elec- 
tron-hole model of phosphors. To interpret this effect correctly one must invoke 
the concept of electronic-vibrational processes. 
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CONCERNING THE PARAMETERS OF STICKING CENTERS WHICH DETERMINE THE KINETICS OF 
PHOTO-THERMOSTIMULATED EFFECTS 
- V.E.Khartsiev 


In conjunction with experimental investigations of thermostimulated current 
(t.c.) which have been carried out for many different substances (see, for ex- 
ample, Ref.1), it is of interest to consider theoretically a new class of noniso- 
thermal relaxation effects, called photo-thermostimulated (p.t.) effects. These 
consist of changes in the conductivity of a 
crystal phosphor under different nonisotherm- 
al conditions under the influence of different 
initial excitations and irradiations. For the 
sake of simplicity we shall restrict our con- 
sideration to the case of unipolar conductivi- 
ty, one type of sticking centers with concen- 
tration Mand a trapping coefficient yy. As- 

l sume that there are two irradiations: the 
first with intensity 7: gives rise to impurity 
conductivity, and the second produces inter- 
Balance of transitions determining band transitions. The heating rate is an 

the kinetics of photo-thermostimu- arbitrary function of time. The balance of 


att 


\@,1m lq, 47 


mt) 


lated effects in the case of one transitions per unit time, shown in the ac- 

type of sticking centers. The companying figure, leads to the set of equa- 
dashed lines represent optical tions (1)-(2) for the time varying concentra- 
transitions. tion of electrons in the conduction band n(¢) 


and in the sticking centers m/(t), In the quasi- 
stationary approximation 


n(t) = (m+ al) 3+ YM + (X= ym) 


and the set of equations has a precise solution (3) in the vicinity of the p.t. 
' current maximum, for t*>> Am, where 


p(t) = (4+ max) 1+ 7M t)4, b= MM (vt +My 
n' (t) +m’ (t) = —[v1-+ hm (t)] n(t) + al (t); (1) 
m’ (t) = —am(t)+y7[M—m (t)] n (t); 
t t 
(7 (t)| dt = \ [o + a;i + al] dt = a(t); (2) 
t t t 
n(t) =a (t) (1 + 1) + g(t) t|mo + adtexp(\ () drat | xexp(—\ Wa). 


ty ty ty 


The recombination term in (1) is a generalized term for mono- and bimolecu- 
lar recombination. 27 -6 For / = 0, neglecting weak temperature dependence of Tt, 7 
and 4, we can obtain a precise pe ion of Eqs.(1)-(2) in implicit form (4), which 
for p> q can be represented approximately in the explicit form (5): 


(4 2 pin + (p—q)In| 1 —r (i—=)| = g(t); 


p= (Mt, g@= 17/4; (4) 
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ses Mg = 4. ™ — exp(—{ + (1—7¢4) x 


Ue ace Mo 
a(t) 
x(4 —(4—ro) 1 (4 ayaa PIE (5) 


The adduced solutions of the equations characterizing the kinetics of p.t. 
current” , which take into account strong filling of the sticking centers, irradia- 
tions, variation of the lifetime as a function of the carrier concentration on the 
sticking centers, and nonequilibrium in the system sticking centers-conduction 
band, generalize the results of the t.c. theory developed in Refs.2-6 and provide 
additional possibilities for investigating the conjunction of sticking center 
parameters F, M, a; and mmax, particularly when +t! >>Am. 

In addition to the earlier proposed2 3 method of determining the thermal 
activation energy / for sticking centers, analysis of the solutions shows that, 
in accord with the results of Ref.6, the existence of a noticeable temperature 
dependence of y and t gives rise to an addition to the value of £. Comparison 
of the results of measurements carried out by a nonisothermal procedure with the 
results obtained by some isothermal method can yield information on the tempera- 
ture dependences of y and t. The kinetics of t.c. is connected with the parameter 
c=y7/(1 + 7Mr), which can easily be determined from the position of the t.c. maxi- 
ma. In the strong trapping approximation (t!<7M) one can obtain evaluations 
of \/ for known t, and then, by fitting the experimental to the theoretical curves, 
obtain an estimate for yy. The values of a; can be obtained by means of a formula 
connected with the temperature position of the p.t. current maxima at different 
heating rates s=T): 

Es 
RES 


max 


a 


=i aay t)\4 leet an}: 


Finally, for the temperature corresponding to the p.t. current maximum we 
have the precise relationships: for 11! Am 
Es 


2 toe — o2m2 2 
nee (hay t) = ot at Spa 
max 
and ; 
r thed 2 
s we ee 
kT? a cy (Nee ax 1 Gail ? 
max 
and for \mS11 
Mmax %— =n? qwvM 


In the presence of several types of sticking centers and sufficiently large 
energy separations between them the kinetics of p.t. effects can with some approxi- 
mation be considered independently for each type of center. 

The results obtained can be applied directly to investigation of the kinetics 
of nonisothermal recombination luminescence, which is of interest in connection 
with the considerations set forth in Ref.7. 


sf pele the eree of brevity we do not give other more general solutions in ex- 
plic orm or the consequences following from Eqs.(3)-(5) under va - 
fying assumptions. eae 
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cal investigation® of t.c. kinetics are actually contained in Refs.2 & 3. 
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INVESTIGATION OF TRAPPING LEVELS IN CaS PHOSPHORS BY THE METHODS OF 
EXOELECTRONIC EMISSION AND THERMOSTIMULATED LUMINESCENCE 
- V.L.Levshin & P.A.Pipinis 


The method of thermostimulated luminescence (glow curves) is one of the 
basic procedures for investigating trapping levels in crystal phosphors. This 
procedure cannot, however, give a complete picture of the traps in a phosphor, 
inasmuch as the released electrons do not always yield luminescence. Another 
procedure, which supplements the glow curve method, is that of exoelectronic emis- 
sion. This method can be used even when the released electrons do not yield lumi- 
nescence in the process of recombination. The method of exoelectronic emission 
was first utilized for investigation of electron trapping levels in crystals by 
Lepper! and Bogun2 in 1955. 

In employing the emission method, the phosphor is first excited and then 
there is measured the electronic emission from the surface of the crystal in the 
process of gradual warming. As in the case of glow curves, there are observed 
at certain temperatures electronic emission peaks, which are associated with trap- 
ping levels in the crystal. This procedure is most effective when used in con- 
junction with investigation of glow curves. One cannot expect complete coinci- 
dence of the electronic emission peaks and the thermostimulated luminescence peaks, 
for obviously a certain energy, equal to the work function, is required for emer- 
gence of the electron from the conduction band into the vacuum. In view of this, 
the electronic emission peaks may be shifted to the side of higher temperatures 
relative to the glow curve peaks. Moreover, the electronic emission may be in- 
fluenced by the surface state of the crystal. There may also be present surface 
trapping levels, which will give rise to additional electronic emission peaks. 

On the other hand, there may be evinced in the glow curves hole trapping levels, 
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Fig. a 
Fig.l. Thermostimulated luminescence (L) and electronic emission (E) curves re- 
corded for CaS:Bi (10-72%) phosphor; heating rate 0.1 degree/sec. 
Fig.2. Glow curves and electronic emission curves for the same phosphor 
as in Fig.1 but heated at 1150° in air for 15 min. 


electronic emission from which is obviously impossible. 

In the present work we used the method of exoelectronic emission in conjunc- 
tion with the method of thermostimulated luminescence for investigating trapping 
levels in crystal phosphors. We constructed a special high vacuum set-up by 
means of which we could concurrently record glow curves and exoelectronic emis- 
sion curves in the temperature range from -160 to +3009. A vacuum of 5-107-7 to 
5°1076 mm Hg was maintained in the experimental tube. The phosphor was excited 
by a cathode beam from an electron gun operated at 6 kv. The electronic emission 
was recorded by a special electron multiplier sealed into a branch in the main 
tube. The multiplier signal was applied, via a wide band amplifier, to a pulse 
integrator. Using this set-up, we investigated the trapping levels in a number 
of zinc sulfide, calcium sulfide, strontium sulfide and alkali halide phosphors. 

By way of illustration, in Fig.1 we show the glow curves and electronic emis- 
sion curves for a specimen of CaS:Bi (10-2%) phosphor recorded after CR excita- 
tion at -160°. There are evinced in the glow curves two low temperature peaks at 
-130 and -90° and a higher temperature peak at 100°, which can be juxtaposed with 
the first electronic emission peak at 130°. The electronic emission curves for 
all CaS phosphors do not have low temperature peaks. This can be explained either 
on the assumption that the levels involved are hole levels or by the fact that the 
electrons do not have sufficient energy at low temperatures to emerge from the 
crystal. 

Fig.2 gives curves for the same phosphor but heated beforehand at 1150° for 
15 min in air. Here the high temperature glow curve peak and the electronic emis- 
sion peaks have been shifted 60° to the side of higher temperatures. The close 
location of the peaks leads to the inference that in both thermostimulated lumi- 
nescence and exoemission the electrons are released from the same trapping levels. 
This inference is substantiated by the equal shift of both peaks after heating 
of the phosphor at 1150°. The small difference (~30°) between the positions of 
the peaks is explained by the emergence energy of the electrons or by the differ- 
ence between the kinetics of the two processes. 
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ON THE POSSIBILITY OF THERMAL ACTIVATION OF CURRENT CARRIER TRAPPING 
IN CRYSTAL PHOSPHORS 


- Yu.L. Lukantsever & F.N. Zaitov 


The possibility of thermal activation of the process of current carrier 
trapping in crystal phosphors has been discussed by Blokhintsev! and others. A 
number of experimental results obtained for different phosphors has been explain- 
ed from this standpoint. 275 

In the present report we give new results indicating that such activation 
is possible. The subjects of investigation were ZnS:Cu (107-4 g/g), NaCl:Ca (0.5 
mole %), and KCl:Ag phosphors and unactivated NaCl. We made use of the methods 
of thermostimulated luminescence and analysis of the decay curves in and near the 
region of temperature quenching of luminescence (in the case of ZnS:Cu phosphor) 
and the methods of thermal bleaching and analysis of the spectra of excited ab- 


sorption (in the case of alkali halide phosphors). The procedures have been de- 
scribed earlier in Refs.6 & 7. 


ZnS:Cu phosphor 


1. It was found that in excitation of ZnS:Cu at different temperatures the 
light sum stored on each of the three groups of electron trapping levels in this 
phosphor varies nonmonotonically. With increase of the temperature in the 140 to 
150°K interval the light sum stored on the shallowest group of trapping centers 
(€ = 0.12 ev) decreases, while the light sum stored in the deeper traps (€ = 0.18 
ev) remains virtually constant. With increase of the excitation temperature from 
200 to 250°K the light sum stored on the medium depth levels decreases markedly, 
while the light sum stored on the deepest group of levels (€ = 0.30 ev) increases. 
This is direct proof of the fact that thermal activation is essential for the pro- 
cess of electron trapping. 

2. In investigating the temperature dependence of the ratio of the trapping 
probability to the electron recombination probability = A;/Ar by the method 
based on analysis of the decay curves in and near the temperature quenching re- 
gion8 , it was found that the function y = f(T) passes through a maximum. Near 
the quenching region there is observed growth of y (from 5.5 at T = 298K to 9.6 
at T = 392°K); in the quenching region Y decreases, falling almost to zero. 

The behavior of the parameter y in the quenching region can be explained on 
the basis of the elementary decay theory proposed by Adirovich and Vergunas?, 
However, the growth of 7 close to the quenching region (also observed by Hsli Hau- 
Yung!0 for ZnS:Cu:Co phosphor) cannot be explained with the aid of this theory, 
according to which the parameter y should be constant in the region close to 
quenching. ie 

The variation of y with temperature near quenching can be explained if we 
assume that thermal activation is necessary for electron trapping. 

If, following Vergunas?, we assume that 


A, 
asf feo tO a @) 
Agate Ar 1-+ Ce 


7 
(where AL and A? are, respectively, the probabilities for radiative and non- 
radiative recombination, 2 is the activation energy for the process of nonradia- 
tive recombination, and y, and C are constants) and postulate that 
A 


pate (2) 
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where { is a constant, A is the activation energy for the process Sete SL sc 
trapping by sticking levels, the behavior Ofna f™ in the temperature 
val near quenching can be explained as follows. 
In accord with (2), Eq.(1) can be written in the form 
meh: 
peak? 


ee (3) 


rr erer 


where Aken 


Investigation of the expression for 7 leads to the conclusion that the ten- 
perature corresponding to the maximum of 7 = f (T) is 


Q 
oe eens! (4) 
Rin (ee 


B-A 


It will be evident from (4) that the function y= f(T) can pass through a 
maximum if there is fulfilled the condition 


A<Q, (4a) 


Alkali halide phosphors 


Investigation of the thermal bleaching curves for alkali halide phosphors 
(see, for example, Ref.7) showed that the stability of F centers is strongly de- 
pendent on plastic deformation of the phosphor and the presence of impurities in 
the crystal. This behavior, in view of the quasimonomolecular kinetics of de- 
struction of F centers, must be connected with changes in the mechanism and con- 
ditions of destruction of F centers under the influence of different factors act- 
ing on the phosphor. 

The ion mechanism of destruction of F color centers in alkali halide crystals 
was considered in Refs.11& 12. At present the mechanism of ionic destruction of 
F color centers can be described as follows: 

1. At a certain point in the crystal lattice there form free point microde- 
fects. The probability of freeing of these microdefects is given by 


—Q, /kT 
Uae = Poe ¥ > 


where Q, is the activation energy. 

If n, is the number of possible points of formation of free microdefects, 
the number of free microdefects will be Ty Poe 

2. These point microdefects interact with the F centers and destroy them. 
We denote the number of F centers by ”r and the cross section for interaction 
of microdefects with F centers by or= ore °r*? where Qris the activation energy 
for the process of trapping of a microdefect by an F center. 

3. Point microdefects interact with dislocation breaks and are "trapped" by 
them. We denote the number of dislocation breaks by N, and the cross section for 


trapping by o,=o4¢ “t", where Q; is the activation energy for the trapping pro- 
cess. 
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Represented schematically the process is 


Formation 
of free ions 


lonic destruction Trapping of vw jons 
of F centers at dislocatians 


Using the above defined notation, we can write the following expression for 
ionic destruction of F centers: 


dn 6,,n 
F agastip 
oe ge ee eee 5 
dt Y” Gy tp + 6,4 (5) 
or 
Q, 
> hie 
__ ahr Ss Poy Me (6) 
2 a Be 
h eet NO kT 
NF 


Inasmuch as dislocation breaks are "sinks" for point microdefects, the proba- 
bility for trapping of mobile ions capable of destroying F centers by these sinks 
will be greater than the probability for interaction of these ions with F centers. 


Q+-Qr 
Then on condition that Core kT *S>1 from Eq. (6) we obtain 
dnp ns * (Qr +9 y)—Q4, 
Seana spe aN EL AT 4 (7) 


In this kinetic equation the factor C = Pwo depends on the conditions of 
preparation of the phosphor (n, and NV) and can assume an anomalously high value, 
exceeding the ion vibration frequency v= 1014 sec™ 

By appropriate treatment of the phosphor to obtain different values of 1, 
and WV one can vary the rate of dissociation of F centers —dny/dt. Equation (7) 
agrees in form with the equation of Adirovich® for the electron mechanism of ion- 
ization of color centers, if we assume that 


(Or Os) — Ot 
Le@s, 


Or “a Qy m3 Ot. (8) 


Noteworthy is the close similarity or universality of the results obtained 
for different phosphors as regards the relation between the activation energy for 
trapping processes and recombination of current carriers (see Eqs. (4a) and (8)). 
The actual degree of universality of these results is still not clear. There is 
need for further investigation of carrier (electron, ion, hole) trapping levels 
in different types of crystal phosphors. 
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DISCUSSION 


Ch.B.Lushchik: A few years ago we discovered that for many classes of non- 
metallic crystals prolonged storage of the light sum is impossible at tempera- 
tures higher than half the absolute melting temperature. This interesting ef- 
fect is connected with ionic processes that occur at these temperatures, proces- 
ses that vitiate the spatial separation of electrons and holes. Ionic processes, 
in general, lead to many interesting effects and situations. In particular, they 
make possible exceptionally narrow glow peaks. In Tartu we observed peaks for 
which Ty/S = 20-25, where Tm is the temperature of the peak and 6 is its half- 
width. The factor po in the expression p = po exp (-€/kT) attains a value of 
1029 sec-1. Zaitov showed theoretically that the values of p, can be very large. 
This is the point of greatest interest in his report. I would like to call at- 
tention of all investigators engaged in analysis of data on thermostimulated lumi- 
nescence that in most cases they have to deal with nonelementary peaks. Before 
attempting to calculate the activation energy and other parameters one must care- 
fully check the nature of the peak. The relation Ty/S ~ 10 cannot serve as a 
criterion for establishing whether the peak is elementary. 
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RATE OF PHOSPHORESCENCE DECAY AS A FUNCTION OF FILLING OF ELECTRON TRAPS 
AND TEMPERATURE 
- N.V.Zhukova, G.K.Evdokimova & V.L.Levshin 


The aims of the present work were to investigate the filli 
traps under excitation of the phosphor at Wrisset rae tn a8 eecetia 
the relation between the rate of decay of phosphorescence and he release of elec- 
trons from traps of different depth, and to elucidate the role of retrapping in 
the process of natural decay.1,2 

For the experiments we chose ZnS:Cu(6:10-5 g/g) :Co(10-5 g/g) phosphor?, which 
has one broad (~180°) thermostimulated luminescence band peaking at ~75°, The 
Shape of the glow curve is shown in Fig.l ,a. 
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Fig.l 


In investigating the filling of the trapping levels, we excited the phosphor 
simultaneously by the 366 and 436 mu lines from a mercury tube for 10 min at dif- 
ferent temperatures in the range from -14 to +130°. Immediately after excitation 
the specimen was immersed in liquid nitrogen. The excitation temperatures employ- 
ed in the experiment are indicated by the bars on the temperature scale in Fig.1,a. 
The glow curves obtained in this manner are shown in Fig.1,b. It will be seen 
that with increase of the excitation temperature the light sum stored by the phos- 
phor decreases and the glow curves are deformed. 

In excitation of the phosphor at any temperature there occurs population by 
electrons of a wide band of trapping levels, including levels that lie 150° below 
the excitation temperature. The filling of the shallower levels proceeds more in- 
tensely then of the deeper levels, which indicates that the shallow levels are 
characterized by a larger trapping cross section. Thus in the early stages of 
natural decay there must participate electrons ejected from shallow levels, Ty, 
for which is appreciably lower than the excitation temperature. 


- 472 - 


Fig.2 


In order to determine which levels are de-excited in the individual stages 
of decay, we excited the phosphor at 18° and then after allowing it to decay for 
different periods from 0 to 37 min, recorded the thermostimulated luminescence 
curves (Fig.2,a). 

With decrease of the stored light sum the peak of the glow curve is shifted 
to the side of higher temperatures, inasmuch as in the process of decay first 
the shallowest and then the increasingly deeper traps are emptied. In addition, 
there obviously occurs electron migration, i.e., retrapping: the electrons from 
shallow levels migrate to deeper ones, so that the number of electrons in deep 
traps in some cases even increases during the decay period. This result is pre- 
sented in Fig.2,b, where we show the variation in the population of trapping lev- 
els of different depth in the process of decay. The level depths are character- 
ized by the temperatures indicated at the ends of the respective curves. 

Further we determined what range of levels participates in different stages 
of decay. It was found that in the process of natural decay trapping levels in 
a wide range of depths (130°) take part in each stage. At late stages of decay 
there is noticeable transfer of electrons from shallow to deeper levels. However, 
the increment in number of electrons in deep traps is always smaller than the num- 
ber of recombining electrons: at no stage in decay did the number of electrons in 
deep traps exceed 0.6 the number that had undergone recombination. 
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VARIATION OF THE STEADY-STATE LUMINESCENCE OF ZnS PHOSPHORS 
WITH THE EXCITATION INTENSITY 


aa NSc -S.K.Rebane 


Investigation of equilibrium processes in phosphors involving transfer of 
the excitation energy by migration of holes and electrons in the crystal is of 
great interest. Some aspects of this problem have been investigated in the studi- 
es of Ref.1-7. 

In the present work we consider a band scheme com- 
prising three trapping levels, one of which is a hole 
level and two are electron levels. The possible transi- 
tions between these are indicated in the accompanying 
figure. In solving the system of equations describing 
the behavior of this model we take into account the pos- 
sibility of complete filling of the hole levels. We 
consider the region of weak and medium intensity exci- 
tations, wherein one can assume mi+ nen). We fur- 
ther assume the number of trapping centers for electrons 

Trapping level scheme is much greater than the number of trapping centers for 
holes. Also, we postulate Be <i, B. In this case the 
following equation may be written for the number of ionized luminescence centers 
(for trapped holes) (also see Ref.7): 


Sat aive FD =}, 6Cot eam 2 E— Fa 
he Ine iMasE (2s °) =e (1) 


Here a is a quantity proportional to the excitation intensity, and 4,...,/ are 
quantities that do not depend on a as long as W;(T) >W; (a), if the probabilities 
for release of electrons and holes are written in the form 


W, (a, T) = W,(T) + W;(a)*. (2) 
Further we obtain - 
a+ (Wi— =) n 
ie — no Se 
She) os a4 (3) 
Wa 


The luminescence intensity is proportional to the number of recombination 
events: 


LesGrniys. (4) 
For small a, when W,(T)>W;(a), n increases in proportion to Vo. If also 
(W,—)n> a, we will have N-~Voa, In this region the quantum yield is con- 
No 
stant: 
IA teat Was, Be Tet (5) 


With increase of a the first term in Eq.(3) becomes larger than the second, 
and in this region JV becomes proportional to 4. The quantum yield q increases. 
The growth of g continues as long as n->const. As will be evident from Eqs. (1) 


*As usual, we assume W,(a)=k,o, where k, is a constant. 
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and (3), in principle, one can obtain a very sharp increase of I (a). Mee 
it follows from (1) that under certain conditions aes Br n~a in the regio 
V.(T)<W,(a), then J~a3, In this case ~ a’, 
rf ees aa ee Sauna of oa, where Wi A(T) < Wi (2) all the a in (1) cancel; 
and n=const, N-~a, [~a and gq=q,. Obviously, %~%1- 
Inasmuch as the release probability depends on the temperature, we can readi- 
ly obtain the temperature dependences ofan. cand, Jan oLt can readity 1be shown that 
the region of nonlinear growth of / as a function of a shifts with increase of 
the temperature T to the side of higher values of a. I does not depend on Ae eiby: 
the region which is defined by the condition Wi(T) < Wi(a). Under certain condi- 
tions one can obtain increase of / with growth of T. The region of temperature 
quenching is shifted to the side of higher temperatures with increase of a. A 
similar shift is obtained if we take into account the influence of infrared light. 
These results are in good agreement with the experimental data8-12, For the re- 
gion of strong temperature quenching q~W~'!:, If we assume that W ~ exp (—E/kT) 
where E is the depth of the hole traps, we obtain 


q~exp(E/2kT). (6) 


There is no difficulty in principle in taking into account high concentra- 
tions of free holes and electrons in the crystal (see, for example, Ref.7), but 
this will add nothing significant to the above analysis. 
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DISCUSSION 


Ch.B.Lushchik: It is of interest to compare the variation of the quantum 
yield of luminescence by ZnS phosphors as a function of the intensity of the 
stimulating light, investigated by Rebane, with the analogous variation of the 
photoelectric polarization of ZnS crystals observed by I.K.Vitol. It presumably 
follows from the data of Vitol that in the region of both low and high excitation 
intensities the sign of the process is the same (the process is probably electron- 
ic). Hence there is no justification in interpreting these results to invoke the 
hypothesis of sensitized energy transfer from hole and electron recombination cen- 


ters to luminescence centers. Rebane's theory explains this effect without re- 
course to "sensitized effects". 
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INVESTIGATION OF RARE EARTH ACTIVATED SrS PHOSPHORS BY THE METHOD OF 
ELECTRON PARAMAGNETIC RESONANCE 
- V.V.Antonov-Romanovskii & V.G.Dubinin 


1. In an earlier studyl the method of electron paramagnetic absorption was 
used for investigating the state of the activator in phosphors. In SrS:Eu:Sm phos- 
phor there was observed a decrease of the paramagnetic absorption of Eu2+ with ex- 
citation of the phosphor in the optical absorption band of Eu2+. The decrease in 
paramagnetic absorption amounts to ~15%, which is in agreement with the decrease 
of the intrinsic absorption coefficient of Eu2+. At the same time there were car- 
ried out absolute measurements of the number of quanta emitted by the excited phos- 
phor; the results of the measurements substantiated the paramagnetic absorption 
data. Thus it may be asserted that in the process of excitation of SrS:Eu:Sm phos- 
phor there occurs ionization of the europium activator (Eu2+—-Eu3+). 

2. The paramagnetic absorption technique was also used for determining the 
influence of flux on the concentration of Eu activator in the phosphor. To this 
end there were investigated phosphors with the same amount of Eu in the initial 
batch, but prepared with LiF or SrClo flux and without flux. It was found that 
in the phosphor prepared with flux the paramagnetic absorption of Eu2+ is greater 
by a factor of 1.5. This gives reason to assume that the Eu activator concentra- 
tion in SrS:Eu:Sm phosphor prepared with flux exceeds the concentration of this 
activator in the phosphor prepared without flux by 30-40%. 

3. Inasmuch as all the rare earth elements enter as activators into the SrsS 
lattice mainly in the trivalent state (except for Eu2t), we felt it would be of 
interest to investigate the influence of flux on trivalent activators. It was 
obviously necessary to select an activator that would exhibit paramagnetic absorp- 
tion. Gd3t proved to be suitable, inasmuch as its ground state is ®Sy, and for it 
paramagnetic absorption is observed at room temperature. 

There were prepared SrS:Eu:Gd phosphors without flux and with LiF flux. It 
was found that under the influence of the flux the concentration of Eu increases 
by a factor of approximately 3, while the concentration of Gd increases by a fac- 
tor of ~20. In the single activator phosphor SrS:Gd, the Gd concentration under 
the influence of LiF flux increases by a factor of ~10. On the basis of the ex- 
perimental data it may be concluded that for incorporation of Ga3+ into the host 
lattice there must be fulfilled the principle of charge compensation. 

4. Having determined from measurements of the paramagnetic absorption of the 
activator the light sum stored by the phosphor and having calculated the absolute 
number of quanta emitted by the excited phosphor in process of de-excitation, one 
can, taking into account the different concentrations of activator entering into 
the lattice in the process of synthesis of the phosphor, determine the loss of 
the energy stored by the phosphor in the process of emission. It was established 
that in SrS:Eu:Sm phosphor only half the stored energy is emitted in the form of 
light during de-excitation; the remainder is converted to heat after recombination. 


"PLN. Lebedev’ Physical Institute, 
Academy of Sciences of the USSR 
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DISCUSSION 


V.V. Antonov-Romanovskii: The paramagnetic absorption technique is a very 
powerful research tool inasmuch as it enables us to obtain a direct answer ss 
some questions regarding the structure of luminescence centers and the kinetics 
of phosphorescence. Luminescence centers are highly complex formations, and the 
method of paramagnetic absorption enables us to determine of what atoms or ions 
these centers consist, what is the valence of the constituent ions and atoms and 
how the valence changes as a result of excitation. 

At the Fifth All-Union Conference on Luminescence, which was held in 1956 in 
Tartu, we called attention to the great potentialities of the paramagnetic absorp- 
tion technique. The report presented today shows that this prediction was correct. 
In the present work there was obtained a very important result: it was shown that 
in the excitation of SrS:Eu:Sm phosphor it is the europium rather than any other 
component of the luminescence centers that transforms from the divalent to the 
trivalent state. At the same time there were also obtained interesting data on 
the degree of incorporation of the activators Eu and Gd into the host lattice, de- 
pending on the conditions of preparation of the phosphor. 

Undoubtedly, when measurements of paramagnetic absorption are realized at 
low temperatures, where the number of substances exhibiting noticeable paramagnet- 
ic absorption is much greater, there will be obtained new, interesting results. 

E.B.Aleksandrov: We also carried out measurements similar to those described 
in the presented report; the purpose of our experiment was to determine the change 
in the valence state of Mn in CaSO4:Mn phosphor in the process of light sum stor- 
age. Detection of such changes would have enabled us to draw certain conclusions 
regarding the responsibility of the activator for the formation of deep traps in 
the phosphor. Unfortunately, we did not observe any systematic variation in the 
intensity or character of the Mn2+ absorption lines in the process of de-excita- 
tion of the phosphor, although measurements of the number of quanta emitted by 
the phosphor in the process of de-excitation showed that the absolute sensitivity 
of our spectroscope was inadequate. It may be assumed that the major part of the 
Mn in the phosphor does not play any role in the process of light sum storage, 
and that changes in the spectrum connected with change in the valence of the "ac- 
tive’ Mn cannot be detected against the background of the intense lines of the 
inactive Mn. 

In the line of continuing research in this field we believe it may be promis- 
ing to investigate luminophors with activators that are diamagnetic in the unex- 
cited state and that upon excitation will become paramagnetic as a result of ion- 
ization. 

In this case the measurements will be essentially of the null type, which 
should make it possible to realize the full sensitivity of the radiospectrometer 
and obtain significant results. 
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INVESTIGATION OF ELECTROLUMINESCENCE PULSES EMITTED BY ZnS:Cu:Al PHOSPHORS 
WITH A HIGH Cu CONCENTRATION 
- A.M.Bonch-Bruevich & V.A.Molchanov 


1. The purpose of the work was concurrent investigation of the characteristics 
of the green and blue luminescence of ZnS:Cu:Al phosphors with a high copper con- 
centration (~0.2 g/g).* 

Most of the work was carried out on samples of the phosphor mixed with cable 
oil and placed in a capacitor with one transparent electrode (the thickness of 
the luminophor layer was of the order of 60 microns). Unipolar square voltage 
pulses with a repetition rate of 1072 sec were applied to the capacitor; the pulse 
rise and decay times were of the order of 2-3 microsec. The pulse duration /’ and 
pulse amplitude U,, could be varied in a wide range. 

We employed the oscillographic procedure to observe the kinetics of decay of 
the luminescence peaks accompanying the leading and trailing edges of the voltage 
pulses (hereinafter voltage-on and voltage-off light pulses) and the amplitudes 
Im, and Im,of these light pulses. The light sum L emitted under the influence of 
each voltage pulse was determined by graphic and electrical integration. All 
measurements were carried out at room temperature. 

In addition, we investigated the luminescence of ZnS:Cu:Al single crystals 
with linear dimensions of the order of 60-80 microns under a microscope. These 
single crystals were polymerized with two needle electrodes in a mixture of mela- 
minoformaldehyde and resil resins, and mounted in the focal plane of the micro- 
scope. An aperture in the focal plane was used to isolate the emission of indi- 
vidual regions about 10 u in diameter. The signal taken off the photomultiplier 
coupled to the microscope was applied to a special storing device, which reduced 
the fluctuation level without distorting the shape of the signal.!1-3 The set-up 
and its characteristics are described in Ref.4, which also contains reproductions 
of typical emission pulse oscillograms for individual regions. Thus it was pos- 
sible to observe on the oscillograph screen the kinetics of luminescence pulses 
originating in individual regions of the single crystal. 

2. As was noted earlier by several authors? »6, the decay of the voltage-on 
and voltage-off luminescence pulses in both emission bands does not follow an ex- 
ponential or hyperbolic law. Hence without regard to the specific law involved, 
here we will evaluate the rate of decay by the time required for the intensity to 
fall off by 50% (half-decay time 1”). 

In the green luminescence band the half-decay time for voltage-on pulses (t!/:)) 
does not depend on the pulse duration in the range t’ > 30 microsec. For shorter 
t’ the voltage-on pulse does not have time to fall off to J/,,,/2, but the kinetics 
of initial luminescence decay remains the same as long as 7’ exceeds the time neces- 
sary for build-up of the electroluminescence (10 microsec). 

The half-decay time for voltage-off pulses in the green band also does not 
depend on the duration of the voltage pulses provided these exceed ~30 microsec, 
despite the fact that in this case there is superimposed on the voltage-off pulse 
an appreciable part of the decaying voltage-on pulse (Fig.1). Up to ?’ of the order 
of 20-30 microsec (or even 40 microsec for some phosphors prepared under different 
heating conditions) the voltage-off luminescence pulse amplitude also emer vir- 
tually constant. At the same time the light sum L begins to decrease for /’ of the 
order of 100-150 microsec (or even a longer pulse duration for some of the investi- 
gated luminophors) (Fig.1). 

*The investigated phosphors were made available by F.M.Pekerman, whom we take 
this opportunity to thank. 
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Thus the experimental data indicate that 
cut-off of the voltage is accompanied by di- 
minution of the luminescence in the green 
band, excited at the instant of application 
of the voltage to the capacitor. / In our 
opinion this effect is not in conflict with 
the commonly proposed mechanism of electro- 
luminescence, according to which most of the 
luminescence is associated with return of 
electrons into the region of strong ioniza- 
tion of the luminescence centers in the re- 
gion near the cathode.8-11 If the external 
voltage is cut off before virtually all the 
luminescence centers have time to recombine 
with electrons, then under the influence of 
the polarizing field an appreciable number 
of electrons will again be drawn out of the 
ionization zone and, naturally, the emitted 
light sum will be reduced. As for the time 
of formation of the polarizing field, in view 
of the observed regularities it may be con- 
cluded that this field forms in the lumino- 
phor in a time of the order of 30 microsec. ¢ 

In the blue luminescence band the light 
sum 1 remains virtually constant up to t’ of 
the order of 30-40 microsec, while in the 
range of appreciably longer pulse durations 
the decay of luminescence of the voltage-off 
pulses is accelerated and at the same time 
the amplitude of these pulses in increased 
(Fig.2). This indicates that in the blue 
luminescence band there is no diminution of 
the emission in the above mentioned sense. 
Excitation of luminescence in the blue band 
is not connected with recombination of elec- 
trons, which can be drawn out of the zone of 
strong ionization in the vicinity of the cath- 
ode and into which they can return upon re- 
versal of the electric field acting on the 
crystal. At the samt time, as in the green 
band, "preparation" of the voltage-off lumi- 
nescence in the blue band occurs upon applica- 
tion of the electric field. This follows from 
the fact that the probability or tempo of de- 
cay of the luminescence of the blue centers 
depends substantially on the pulse duration, 
although the total number of de-exciting pul- 


Further investigations are necessary to elucidate the mechanism of the blue 
luminescence, which cannot be interpreted from the standpoint of the simple scheme 


of excitation of electroluminescence. 


in the literature to the absence of 


As far as we know there are no references 
an explicit relationship between the variation 


of the light sum in the green and blue bands and the effect of diminution of lumi- 
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Fig.4. Variation of 1), 1!”, L,.Jm, and 
L for the blue luminescence band with 


U,,~ The indicated spread indicates 


the scatter of the experimental data 
for different pulse durations. 
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<—Fig.3. Variation of v{*), if), 7). In, 
and L for the green luminescence 
band with the pulse voltage Une 
The indicated spread characterizes 
the scatter of the experimental 
data for different pulse durations. 
The line ab represents the variation 
of log /,,, as a function of 1/)/JU,, 
for a ~10 uw section of a single 
crystal. 


nescence in the green band; also we have 
found no mention of the above described 
distinctive behavior of the blue band. 

3. There is evinced a certain paral- 
lelism between the variation of the lumi- 
nescence in the blue and green bands with 
variation of the voltage pulse amplitude; 
this is complicated, however, by differ- 
ent ¢’ dependences of the light sum and 
voltage-off emission pulse amplitudes in 
the two bands: first, in both bands the 
values of 1'/? and 1) are weakly depend- 
ent on U,,, increasing only slightly with 
decrease of the field strength on the 
capacitor (Figs.3 & 4), and, second, in 
both bands the U,, dependence of the light 
sum is characterized by the law 


= B 
Le2wAe VUm | (1) 


the values of the coefficient & for both 
bands are virtually equal (B ~ 190-200). 
The value of the coefficient A for the 
blue band does not depend on the pulse 
duration 7?’ in the t’ > 30-40 microsec 
range. In contrast, in the green band, 
the value of A depends substantially on 

t’ this dependence is characterized by 
the ZL vs t’ plots in Fig.1. Moreover, the 
variation of /,, with U,, in both lumines- 
cence bands follows a law similar to (1), 
namely, a 


ifs. eA VUm, (2) 


The value of the coefficient B’ for both bands is virtually the same and agrees 
within the limits of the measurement error with the value of Bin Eq.(1). The 
value of the coefficient A’(in contrast to that of coefficient A in Eq.(1)) does 
not depend on ?¢’in the green band (for (> 30-40 microsec) but does depend on ?’ 


in the blue band. 
Fig.2. 


Relationships of the type of Eq. 


This dependence is characterized by the ln s(t) curve in 


(1) have been repeatedly discussed in the 
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Fig.5. Kinetics of luminescence 
decay of a section of a single 
crystal (1), of an entire single 
crystal (2) and of an electro- 
luminescent capacitor (3) at 
different values of the applied 
voltage (green band). 


Fig.6. Oscillograms of lumines- 
cence pulses in the green band 
obtained for different durations 
of the voltage pulses: a - 120 
microsec, b - 40 microsec. 


- 480 - 


literature in connection with considerations of 
the conditions of ionization of luminescence 
centers.8,9,12-14 

It is worth noting that this relationship 
appears to be valid for both the luminescence 
bands. This indicates that the processes of 
ionization of both blue and green luminescence 
centers have traits in common, even though the 
regularities characterizing the de-excitation 
of these centers and the processes occurring in 
them during the interval between excitation and 
de-excitation are substantially different. The 
fact that relationships (1) and (2) are of the 
same form is in agreement with the weak depend- 
ence of the kinetics of decay on the amplitude 
of the voltage pulses. 

4. The use of a storing device in the set- 
up for microscopic observation of the lumines- 
cence enabled us to follow the kinetics of 
electroluminescence of single crystals and of 
the emission from the regions in the neighbor- 
hood of the electrodes. The luminescence kinet- 
ics proved to be as complicated (neither expo- 
nential nor hyperbolic decay) as in the case of 
polycrystalline specimens, and generally similar 
to the latter (Fig.5). In particular, the half- 
decay time of areas of single crystals, like 
that of electroluminescence capacitors, is very 
weakly dependent on the amplitude of the voltage 
pulses. The slight differences between the rates 
of decay of an individual single crystal and a 
polycrystalline specimen can be attributed to in- 
homogeneity of the crystals in the capacitor- 
filling mixture. 

The other regularities characterizing the 
emission observed under a microscope are similar 
to the regularities for polycrystalline specimens. 
Thus, for example, the variation in the amplitude 
of the green band voltage-off pulses observed for 
individual sections of the crystal as a function 
of U,, agrees with the variation observed for the 
electroluminescence of the capacitor (Bio Sie 

Our microscopic set-up also enabled us to 
observe the diminution of luminescence in the 
green band with change in the direction of the 
field in the crystal. This is illustrated by 
the luminescence-pulse oscillograms obtained for 


voltage pulses of different duration and reproduced in Fig.6. It will be seen 


that with decrease of 7?’ from 120 


to 40 microsec, cut-off of the voltage is accom- 


panied by an appreciable increase in the rate of decay of the luminescence induced 


by application of the voltage. 


It will be evident that with decrease of the pulse 


duration the light sum corresponding to a voltage pulse is also reduced. 


= Agi 


Thus microscopic observations show that the above described regularities 
characterizing the electroluminescence are not complicated by the use of poly- 
crystalline electroluminescent capacitors, i.e., the polycrystalline effect are 
truly representative of the ''microscopic" effects. 
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INVESTIGATION OF THE ELECTROLUMINESCENCE OF ZnS:Cu AND ZnS:Cu:Mn PHOSPHOR 
LAYERS WITH EXCITATION BY DC AND PULSE VOLTAGES ieee 
- V.N.Favorin, G,S.Kozina & I.D,Anisimova 


1. Luminescence in a de field 


The luminescence of ZnS electroluminophors in conducting media in a dc field 
has been described by a number of authors.1»2 In 1958 one of us (G.S.Kozina) dis= 
covered that ZnS:Cu:Mn phosphor in a solid dielectric medium (for example, a mix- 
ture of melamineoformaldehyde and alkyd-resyl resins) exhibits bright luminescen- 
ce with a band characteristic of manganese (pax = 580 mu).3 Typical brightness 
vs voltage curves for the yellow electroluminescing ZnS:Cu:Mn phosphor are shown 
in Fig.1 (curves 1 and 2). Curve 3 in this figure shows the variation with volt- 
age in an ac field. 

The behavior of this electroluminophor is charac- 
terized by the following regularities: 

1. In the investigated range of brightness, cur- 
rents and voltages, all the observed dependences are 
characterized by relationships of the type B~V_ and 
Tet 

2. The nonlinearity indices (exponents) for the 
brightness (n) and the current (m) are close, and, con- 
sequently, the variation of brightness as a function of 
the current - B = f(I) - is nearly linear. 

3. The nonlinearity index 7_ for the luminophor 
luminescing in a de field is appreciably higher than 
the index for the same luminophor luminescing in an ac 
PLelds 7 ~~ LO witless. 


Thus it may be assumed that the characteristic of 


Or Te RL luminescence of the layer is intimately related with 
EB, v/cm the characteristics of its conductivity. 

Fig.1. Variation of the The brightness and current characteristics for the 
brightness B (1,4) and green luminescing (ZnS:Cu) electroluminophor are similar 
conduction current I in character. Just as in the case of the yellow mangan- 
(2,5) with the applied ese luminophor, the nonlinearity index for a de field 
de voltage for ZnS:Cu: is higher than for an ac field (n_ = 10-12; ny, = 3-4), 
:Mn layers in a solid and the indices for the current and brightness in a de 
dielectric after aging field are close. 
in an electric field The principal difference between the yellow and 
(1,2) and before aging green luminophors is that the brightness of the yellow 
(4,5); curve 3 - B= luminophor is at least two orders of magnitude greater 


= f® in an ac field. than that of the green, and attains several millistilb. 

A characteristic of the investigated layers is that 
the brightness and current vary with time in the process of aging, i.e., holding 
the layer in a field. In the process of aging the nonlinearity indices nm and m 
increase; the current nonlinearity index increases more rapidly than the bright- 
ness index (see curves 4 and 5 in Fig.l for the layer before aging). It follows 
from the data of Fig.l that with the same current the brightness of the aged speci- 
men is higher than that of the unaged one, which indicates increase of the effect- 
ive voltage on the luminophor crystals in the aged layer. This increase in ef- 
fective voltage, however, does not correspond to the growth of the mean voltage 
on the layer, which is explained by change in the distribution of the voltage be- 
tween the phosphor crystals and the dielectric strata. 
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Similar results are observed for the green luminophors. 

Thus the electroluminescent layer may be represented in the form of a non- 
linear resistance consisting of two nonlinear resistances with different non- 
linearities, namely, the luminophor and the dielectric. 

Flow of current through the luminophor leads to excitation of its lumines- 
cence, the brightness of which is determined by the magnitude of the current 
flowing through it, while the nonlinearity of the voltage dependence of the 
brightness depends primarily on the nonlinearity of the resistance of the layer. 


2. Luminescence with excitation by a pulse field 


Excitation of luminophors with a bright luminescence in a de field (for ex- 
ample, ZnS:Cu:Mn) with square voltage pulses should lead, on the one hand, to 
luminescence of the Destriau type associated with the rise and fall of the pulse, 
and, on the other hand, to luminescence associated with actual flow of current 
during the period of the pulse. Possibly these two excitations interact to some 
extent. Thus the "brightness wave'’ will consist not only of two brightness peaks 
but also of a plateau between them, corresponding to the "steady" (dc) lumines- 
cence during the period of the pulse. 

We investigated the excitation of ZnS:Cu:Mn electroluminescent layers by uni- 
polar voltage pulses of duration Tp = 7 millisec and having a repetition rate of 
100 pps. 

The brightness waves recorded at two values of the pulse voltage are shown 
in Figs.2,b & c. It will be evident from a comparison of the figures that the 
heights of the brightness peaks increase more slowly with increasing voltage than 
the level of the luminescence plateau. At even higher voltages there are obtain- 
ed square’ brightness waves. The variation of the amplitudes of the peaks (By 
and By) and the height of the plateau (Bo) with the pulse voltage is shown in 
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Fig.2. a - Variation of the elements of the brightness waves of ZnS:Cu:Mn (the 


leading and trailing edge peaks By and By and the plateau Bo) with voltage; b - 
brightness wave with Vp = 300 v; c - brightness wave with Vp = 400 v. 
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Fig.2,a. As will be evident from this figure, the level of the plateau increases 
according to the law for luminescence in a de field: B= f V=). The amplitudes 
of the peaks reckoned from the zero level increase according to the luminescence 
law in an ac field with ”~< nz. With increase of the pulse amplitude n "=, 
and the brightness waves tend to become “square”. 

These variations in the shape of the brightness waves also lead to change in 
the variation of the integral brightness as a function of the ac voltage: at high- 
er voltages the brightness tends to vary according to the B = f Ve) law. 


3. Luminescence under the joint influence of a dc field and a pulse voltage 


It was found back in 1958 that the simultaneous application of a de and ac 
voltage on solid layers of ZnS:Cu:Mn luminophor in a dielectric medium leads to 
increase of the brightness in the yellow region of the spectrum. 3 Investigation 
of the integral luminance* and the brightness waves” under the influence of simul- 
taneously acting ac and de fields showed that such luminophors are characterized 
by a great increase of brightness in the combined field as compared with the sum 
of the brightnesses in separate equivalent fields. Enhancement of the brightness 
of specially prepared layers under the joint influence of ac and de fields has al- 
so been described by Thornton®, 

Subsequent investigations showed that the effect of enhancement of brightness 
under the joint influence of ac and de voltages is observed not only for yellow 
but also for green luminophors in a dielectric mediun. 

In the case of simultaneous application of square pulses and a de voltage to 
yellow and green electroluminophors there are observed two effects leading to in- 
crease in the integral luminosity of the layer: increase in the height of the 
brightness peaks and increase of the steady (plateau) luminescence, arising as a 
result of action of the field consisting of the sum of the de bias and the pulse 
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Fig.3. a - Variation of the elements of the bri htness :Cu: 

the de voltage at a constant value of the Pet acs ac peared eee ce. 

elements of the brightness wave of ZnS:Cu:Mn with the constant voltage at a con- 

stant value of the applied ac field; c - ZnS:Cu:Mn electroluminescence bright- 

ness waves at a constant value of the ac field and different values of the dc 
field. 
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voltage. These effects are illustrated by the oscillograms reproduced in MeN odor abe 


The character of the variation of the height of the brightness wave peaks 
and Bo and the level of the plateau Bo is shown in Figs.3,a & b. 

The conductivity of the layer increases rapidly with increase of the de volt- 
age (curve 1 in Fig.3,a). The instant of increase in the height of the peaks is 
associated with a certain value of the conduction current (10-5-10-6 amp/cm2) . 

The similarity observed between the character of the growth of the peaks with in- 
crease of the de voltage (section III in the curves for B, and By in Pie.3,a)pand 
the character of the growth of the peaks owing only to the ac voltage (curves By 
and By in Fig.3,a) suggests that the effect of the de voltage in this intereval 
reduces to increase of the nonlinearity of the conductivity, leading to change 

of the impedances of the phosphor grains and the dielectric strata, as a result 

of which the ac voltage acting on the phosphor crystals increases. In this case, 
section I of the curve corresponds to a de voltage and current insufficient for 
noticeable change of the impedances, i.e., corresponds to the state (l/w:) K R; 
section II is apparently due to the fact that the constant voltage is insuffici- 
ent for redistribution of the impedances but is already sufficient to hinder re- 
combination. In section III, where (l/wc) % R, there already occurs redistribu- 
tion of the impedances. In section IV the Destriau effect is weakened owing to 
broadening of the depletion band and relative decrease of the acting gradients. 
At the same time, there becomes evident the dc field luminescence (Bo). 

The proposed explanation for the observed regularities calls for more de- 
tailed and careful quantitative investigation. 

The character of the analogous curves for ZnS:Cu:Mn phosphors is somewhat 
different (Fig.3,b). At low values of the de voltage the heights of the peaks 
By, and By do not depend on the de voltage. Increase of the de bias leads to a 
sharp increase of the luminescence, i.e., rise of the level of the plateau Bo. 
The luminescence peaks rise only slightly, the increase being characterized by 
the ac field luminescence law, as in the case of the green luminophor; with fur- 
ther increase of the voltage the peaks merge with the luminescence associated 
with the conduction current, and the integral luminance increases according to 
the de luminescence law. 


By 


Conclusions 


Thus in general in applying a de and an ac voltage to a phosphor layer in a 
dielectric one can observe the effect of additive enhancement of the integral 
luminance, when the luminescence brightness in an ac field there is added the 
electroluminescence in a de field at the instants of addition of the voltages. 
This additive enhancement is strongly evinced in the case of the yellow lumino- 
phors, which have a high electroluminescence brightness in a de) tield, but is 
only weakly evinced in the case of the green luminophors, whose electroluminescen- 
ce in a de field is weak. 

In addition to the additive enhancement there is also observed the effect of 
true nonadditive increase in the height of the luminescence peaks in an ac field 
under the simultaneous influence of a dc field. This effect is particularly 
clearly evinced in the case of the green luminophors in the region of low bright- 
nesses (corresponding to regions of conductivity of the layer) and is only weak- 
ly evinced in the case of the yellow luminophors, inasmuch as in these there 
rapidly develops the intrinsic de luminescence. 

The region of additive enhancement of the luminance of yellow luminophors 
is evinced at brightness values in the range from 10-1 to 1 millistilb in the 
1079 to 1073 amp/cm@ conductivity region. The region of nonadditive enhancement 
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green luminophors is evinced at Loy luninances (1077 
millistilb) and corresponds to a layer conductivity of 1. -10 amp/em . of 

The brightness of green luminophor layers in an ac field ee be PSs Ee a 
a factor of several hundred by the application of a dc biasing field (main y owing 
to nonadditive enhancement) , while in the case of yellow layers the luminance can 
be increased only by a factor of 10-20 (owing to additive enhancement) . 

Most of the observed regularities can, apparently, be explained in eS oF 
the electric properties of the layers consisting of a luminophor and B dielectric, 
primarily by the nonlinear gharacteristics of the resistances. The differences 
between the behavior of the green and yellow luminophors are connected with the 
differences between their sensitivity to de current and require further pes TERS oe 
gation under conditions excluding the nonlinearities introduced by the dielectric 
strata. 

We desire to acknowledge our indebtedness to F.M.Pekerman and her conver 
for developing and preparing the magnesium activated luminophors intensely lumi- 
nescing in a dec field. We also desire to express our gratitude to Z, A. Trapezni- 
kova and her colleagues for making available the phosphor specimens in which the 
observed effects were first observed and also to L.K.Tikhonova and A.V.Kapitonov 
for preparing and measuring the characteristics of the layers. 


of the brightness of the 
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G.S.Kozina: In our report there was described the case of weak electrolumi- 
nescence of green phosphors in a de field. We also observed bright electrolumi- 
nescence in a de field of coatings of electroluminescent enamel loaded with green 
phosphor (first observed by L.P.Poskacheeva). The enamel layers with a high lumi- 
nophor concentration had one electrode (backing) of tin oxide. Their other sur- 
face was irradiated with an electron flux, which charged the surface to a certain 
potential relative to the tin oxide backing. With a certain polarity of the volt- 
age on the layer (tin oxide positive), there was observed conductivity of the lay- 
er and bright emission consisting of numerous individual, steady (non-scintillat- 
ing) points. The brightness amounted to 1 millistilb and higher, and increased 
with increase of the potential on the layer. With opposite polarity, the conduc- 
tivity was low and no luminescence was observed regardless of the voltage (up to 
breakdown of the layer). 

The cited case shows the possibility of preparing layers with bright electro- 
luminescence in a dc field. In view of the strong voltage dependence of the lumi- 
nance, it is undoubtedly of interest to continue research on the preparation of 
green electroluminophors that luminesce in a de field. 
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EXPERIMENTAL INVESTIGATION OF THE POSSIBILITY OF REALIZING MULTIPLE COMPONENT 
ELECTROLUMINESCENT DEVICES EMPLOYING FERROELECTRIC MATERIALS 
- I.Ya.Lyamichev, I.N.Orlov, G.G.Pershin & N.1I.Taborko 


The present work was concerned with the problems of realizing multiple com- 
ponent electroluminescent devices of two types: flat screens for displaying images 
and flat image intensifiers (converters) employing photoconductors. 

The principal difficulties! in the way of realizing devices of the first 
type are, first, the impossibility of obtaining an acceptable image contrast on 
matrix screens without introducing additional electronic elements (diodes? or non- 
linear resistances?» 4) and, second, the low luminescence intensity of electrolumi- 
nophors when the image is formed by successive excitation of luminous points with- 
out ‘storage’’ of the incoming information.5 

Flat image intensifiers employing photoconductors and electroluminophors 
suffer from the impediment of a limited amplification coefficient® connected with 
‘inefficient utilization of the high sensitivity of photoconductors and the impos- 
sibility of increasing the luminescence output by increasing the frequency of the 
exciting voltage by means of a resistor-capacitor divider. 

Incorporation into devices of both types of auxiliary luminescence brightness 
control elements allows of combining the necessary parameters of the incoming sig- 
nals with the optimum conditions of excitation of electroluminescence and thus 
obviating the above mentioned difficulties. By way of such control elements there 
have been proposed ferroelectric capacitors? and ferromagnetic elements (trans- 
fluxors)’. In our work we investigated the possibility of utilizing some ferro- 
electric materials, namely, single crystal triglycine sulfate® and "Varikond" type 
ferroelectric ceramics?. 


Ferroelectric type control devices 


In an ac circuit consisting of a ferroelectric and an electroluminescent 
capacitor the magnitude of the voltage on the electroluminophor (and, consequent- 
‘ly, its emission brightness) is determined by the capacitance of the ferroelectric 
capacitor, which varies under the influence of the received signal. The electric 
circuits of such control elements incorporating a ferroelectric are similar to 
the circuits of dielectric amplifiers, except that in this case the load on the 
amplifier is the capacitance of the electroluminescent capacitor and the output 
signal is the luminescence of the electroluminophor. The electroluminescent and 
ferroelectric capacitors may be connected either in series or in parallel. In 
our work we only used series coupling, inasmuch as parallel connection impairs 
the characteristics of brightness control and complicates the design. 

Fig.1,a shows the basic circuit employed for the control elements and utilized 
for measuring the characteristics of the ferroelectric. The control characterist- 
ics, i.e., the variation of the ac current through the ferroelectric as a function 
of the alternating and control voltages, for triglycine sulfate and Varikond capa- 
citors are shown in Figs.2,a & b. Inasmuch as triglycine sulfate is characterized 
by more pronounced nonlinearity, this material was chosen for the experimental 
multiple component devices. 

The specific characteristics of triglycine sulfate make it possible to carry 
out simplified calculations of the optimal parameters for a "ferroelectric-electro- 
luminophor" circuit on the basis of two parameters of the ferroelectric, namely, 
the maximum capacitance difference and the half-width of the hysteresis loop. The 
graphic-analytic procedure is illustrated in Fig.2,c. Here the broken lines OAB 
and ODB are the idealized characteristics of triglycine sulfate, and the line AC 
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Fig.1. Circuits for display of images: a - basic circuit, b - circuit without 
forced erasure of information, c - circuit with erasure. 


Coi - electrolumines- 
cent capacitor, Cfe - ferroelectric capacitor, Cayx - auxiliary capacitor, Gago - 


ac voltage source, G, - control signal generator, Gsgr - generator of signals fed 
to screen rows, Go, - generator of signals fed to screen columns, Ry}(D) - non- 
linear element (diode), Rg, - electroluminescent layer leakage resistance. 
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Fig.2. Control characteristics of ferroelectrics: a - I, = f(W.); 1 & 2 - trigly- 
cine sulfate; 1' & 2' - Varikond WV, = 0 and 100 v). b-I, = f Ve); 1&2 - 
triglycine sulfate, 1' & 2' - Varikond (V. = 50 and 200 ve 


c - diagram for de- 
termining the parameters of the ferroelectric-electroluminophor circuit. 
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is the load characteristic of the electroluminophor. 
the horizontal axis correspond to the minimum (Vinin) and maximum (V ) ac voltages 
on the electroluminophor. The intercept OF = Vo corresponds to thenvolteee neces- 
sary for radical change of the capacitance of the ferroelectric and is determined 
by the half-width of the hysteresis loop of the given ferroelectric material. The 
ratio AF/GF = L characterizes the maximum capacitance difference for the given 
ferroelectric capacitor. From the similarity of triangles ACF and DEC we obtain 


the following relationship between the principal parameters of the 'ferroelectric- 
electroluminophor" element: 


The intercepts CE and CF on 


ay = Ye -~ 0) (1) 
K 

where AV = Vnax - Vmin determines the maximum brightness of the electroluminophor 
and K = Vmax/Vmin characterizes the contrast of the image. Equation (1) allows 
of determining the maximum values of bright- 
ness and contrast of the image produced by 
a multiple component device employing the 
given ferroelectric. For triglycine sul- 
fate (L = 40 and Vo = 90 v) at the neces- 
sary level of contrast of ~100 (K = 5), the 
maximum voltage on the electroluminophor at 
a frequency of 10-15 kc produces a bright- 
ness of about 150 nit. An equal brightness 
level when employing Varikond ceramics (at 
a frequency of about 5 ke and L = 5-8) is 
attainable only at a considerable sacrifice 
of image contrast (K <€ 2). The frequency 
of the alternating voltage does not enter 
into the design formula. Choice of the opti- 
mum frequency must be based on the fact that 
the luminescence brightness of the electro- 
luminophor increases with increase of fre- 
quency up to about 20 kc, while the optimum 
of the control characteristics (maximum value 
of L and greatest steepness of the control 
curve) lies in the region from 5 to 10 kc 
for triglycine sulfate. Hence the supply 

~ 100 200 Joe voltage frequency should lie in the range 

ad from 5 to 15 ke. 

Fig.3. Variation of the voltage drop For a sinusoidal ac voltage the rela- 
over the electroluminophor with the tionship between the voltage differential 
control voltage on the ferroelectric across the electroluminophor and the magni- 
with sinusoidal (1) and pulse (2-4) tude of the polarizing (control) voltage is 
excitation; pulse repetition frequen- given by 
cy: 2) 0.6, 3) 1.0, 4) 5.0 millisec. 


300 


Vo ¥ 1.4 dV, (2) 


which is in good agreement with the experimental characteristics of triglycine 
sulfate (curve 1 in Fig.3). 

An acceptable brightness of the electroluminophor is obtained at a value of 
AV of the order of hundreds of volts. In connection with the desirability of 
utilizing semiconductor devices in switching circuits for the described elements, 
there arises the problem of lowering the control voltage. In this respect a sub- 


- 490 - 


Ly, arb.units 


50 100 150 200 250 300 


Fig.4. Effect of "memory" in triglycine sulfate: a) for two different 
values of the control voltage; b) for different periods of application 
of the same control voltage. 


stantial advantage is gained by using pulses instead of a sinusoidal voltage. 
Curves 2 through 4 in Fig.3 show that in the case of pulse excitation the steep- 
ness of the control curve increases and the same value of AV can be assured by a 
polarizing voltage some 3-5 times lower than with a sinusoidal voltage in the 
circuit. 

Unfortunately, in the case of large control signal amplitudes there arises 
in the ferroelectric the effect of 'memory' as regards the polarizing voltage. 
As will be evident from Fig.4,a, in this case the depolarization curve of the 
ferroelectric with decreasing V, does not coincide with the polarization curve; 
the resultant "loop" is the wider, the greater V, and the longer the polarizing 
voltage is allowed to act on the ferroelectric (Fig.4,b). Moreover the effect 
of memory is the stronger, the higher the frequency of the alternating voltage. 
(It may be worthwhile to study this particular "memory" effect inasmuch as it may 
prove useful for realizing information storage devices, for in principle, it al- 
lows of simplifying the design of such devices.) 


Actual image display circuits 


The basic circuit pictured in Fig.1 is not suitable for use in actual multi- 
pie component devices for the following reasons: 

a) it does not solve the problem of prolonged preservation of the capacitance 
of the ferroelectric capacitor at the level set by a short control signal, which 
is necessary for obtaining an adequate brightness of the element; 

b) the ac and control voltage networks are not separated in this circuit 
which may result in distortion of the control Signals; 

c) this circuit has "negative" coupling between the magnitude of the control 
voltage and the brightness of the luminophor, i.e., the brightness decreases with 
increase of the control signal. 


oo +) Gt 


Bc ent wae fon Stee ese shortcomings is shown in Fig.1,b. Here for separa- 

; voltage networks there is introduced an additional 
linear capacitance Cayx (Cayx >» CefCfe), the nonlinear element Ry] (nonlinear 
resistor, diode, or the like) which provides for "storage" of the information and 
eliminates coupling between the elements of the device (i.e., imsures the neces- 
sary image contrast), and a constant bias Vp which provides "positive" coupling 
between the brightness of the luminophor and the amplitude of the signal. 

In this circuit, however, the storage time of the signal is determined by 
the initially chosen values of Vaux and Ry} and cannot be regulated in the course 
oe operation. In most devices, however, it is necessary to provide for the pos- 
sibility of erasure of the written information at any given instant. This problem 
can be solved by applying special erasing pulses either through an auxiliary non- 
linear network or through the signal writing circuit. In the latter case realiza- 
tion of erasure does not require substantial complication of the circuit. One 
solution of this problem is the circuit shown in Fig.l,c, in which the same crys- 
tal diode is used both for writing and for erasure. For erasure there is utilized 
the distinctive property of silicon diodes to break down in the reverse direction 
under the influence of short high-amplitude pulses. At the instant of such re- 
verse breakdown there occurs recharging of the capacitor Caux, and the element 
goes into the unexcited state. We used 220 elements of this type to assemble a 
prototype electroluminescent display panel for experimental verification of the 
suitability of circuits of this type. 

The interconnection of the individual components (subassemblies) into an ar- 
ray is shown in Fig.5,a. In tests on this prototype we obtained the following 
parameters: luminescence brightness up to 50 nit; storage time about 5 min with 
pulses of ~50 microsec duration; erasure time about 1 millisec. 

The complexity of the individual component (unit) circuits gives rise toa 
number of design and technological difficulties in attempting to realize a multi- 
ple component device for display of sharp images (resolution comparable to that 
of television screens). For one thing there are not readily available at present 
materials with appropriate electrical and technological parameters (powder non- 
linear resistances and diode layers of large area, powder or ceramic ferroelectric 
materials, etc.). Moreover, serious difficulties arise in interconnecting the 
subassemblies in view of the complex circuits involved. Almost all the prototype 
multiple component devices described in the literature have been assembled by 
electrical connection of individually prepared components. The projected design 
employing nonlinear resistancesl° or a diode layer, shown schematically in Fig.5,b, 
allows in principle of realizing a compact screen (display panel) into which all 
the subcomponents are incorporated in the process of fabricating the layer. 


Light intensifiers 


In electroluminescent light intensifiers employing photoconductors and con- 
structed on the principle of a resistor-capacitor voltage divider, the amplifica- 
tion coefficient as regards light flux does not exceed 1000. In a recent publica- 
tion” it was asserted without substantiating experimental data that the use of 
ferroelectric materials allows of increasing the intensification factor one or 
two orders of magnitude. Our experiments with a single element intensifier em- 
ploying triglycine sulfate substantiated this possibility. 

Fig.6,a shows the diagram of a light intensifier element employing a ferro- 
electric. The photoconductor here is connected into a de circuit so that its 
sensitivity is higher than in a resistor-capacitor divider. Moreover, here it 
no longer serves for transmission of the exciting power to the electroluminophor 
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Fig.5. a — Connection of elements in multiple component array: 1 - continuous 

excitation; 2 - input of writing and erasing pulses; 3 - input of pulses synchro- 

nous with pulses in channel A but of opposite polarity, b - design of screen with 

nonlinear resistance and ferroelectric: 1 - strip electrode for "column" pulses; 

2 - strip electrode for "row pulses; 3 & 4 - mosaic electrodes (auxiliary capa- 

citance-nonlinear resistance-ferroelectric); 5 - continuous transparent electrode 
to which ac voltage is applied. 
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and hence does not limit the useful range of frequencies, i.e., in this circuit 


one can use the optimum frequency for exciting the luminescence. The additional 
resistance Rg in the dc circuit provides for positive coupling between the illumi- 
nation of the photoconductor and the luminescence brightness of the electrolumino- 
phor, inasmuch as in this case the polarizing potential at the point A is the low- 
er, the lower the resistance of the photoconductor (i.e., the higher the intensity 
of the incident illumination). Calculations and tests showed that Ra must be of 
the same order of magnitude as the dark resistance of the photoconductor. The 
auxiliary capacitance Cay, plays the same role as in the circuit of Fig.1,b. With 
an illumination of about 0.01 lux incident on the photoconductor the intensifica- 
tion factor may attain 50 000 (Fig.6,b). Practical realization of multiple ele- 
ment image intensifiers, in addition to the above mentioned design and technolo- 
gical difficulties, is also hampered by the lack of short-lag photoconductors and 
ferroelectrics, i.e., materials that would reunite the electric properties of tri- 
glycine sulfate with the technological and operational properties of barium tita- 
nate ceramic. 

Our preliminary research has shown that as regards their electric and optical 
parameters currently available materials are suitable for the realization of indi- 
vidual components of electroluminescent devices of both types with acceptable out- 
put characteristics. Some of these materials have not quite satisfactory techno- 
logical and operational properties (ferroelectrics and diodes). Nevertheless, in 
our opinion, the main problem is not so much improvement of the specific properties 
of various raw materials and component elements, as elaboration of the principles 
of design of compact multiple component devices and development of special tech- 
nological means for realizing such designs. 

In the present article we have not discussed the question of creating special 
switching and selector devices for multiple element screens, inasmuch as this is 
a specialized field and requires separate discussion. 
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ON ENHANCING THE EFFICIENCY OF A SCINTILLATION TYPE SLOW NEUTRON DETECTOR 
- B.S.Grebenskii, T.V.Timofeeva, S.P.Khormushko & O.S.Tsvetkov 


In the present article we describe dispersed slow neutron detectors prepared 
of ZnS(Ag) and H3B03, both natural and BlO enriched. The detectors were prepared 
by the method of heating mixtures of ZnS (Ag) with H3B03 (Ref.1) and for compari- 
son by the procedures described in Refs.2 & 3 (ZnS(Ag) in boron plastic). The 
Bo03 + ZnS(Ag) sinter obtained after heating the phosphor and boric acid mixture 
was ground and separated into fraction according to granule size. 

The slow neutron detecting efficiency ), for such a detector is described by 


Nn = ae Eq, 


where Q@ is the efficiency of thermal neutron capture by the detector with the for 
mation of an Q-particle®, which is determined by the B19 content in the detector 
and the cross section for interaction of B19 with thermal neutrons (o = 3900 barn 
€ is the efficiency of entry of the Q-particles into the phosphor grains with 
transfer of an energy sufficient to produce a scintillation (o depends on the 
weight ratio of Bo03 to ZnS(Ag) and the phosphor grain size); €, is the efficienc: 
of emergence of the scintillations from the detector and depends on the intensity 
distribution of the scintillations and the optical transparency of the detector. 
The optical transparency of the detector for the scintillation radiation is deter 
mined by the absorption coefficient and the coefficient of scattering at the inte: 
faces, both between the granules and air and between the ZnS(Ag) and B203 grains.| 
The number of interfaces depends on the ratio of Bj03 to ZnS(Ag), the granule siz 
and the size of the AnX(Ag) grains. Increase of the granule size with a given 
composition and layer thickness decreases the light scattering, owing to reductio. 
in the number of scattering surfaces, and thus enhances the transparency, which 
makes it possible to increase the optimum layer thickness. However, this is ac- 
companied by decrease of the average scintillation intensity owing to weakening 
of the scintillations in the granule, which limits the increase in efficiency in 
going to granule-monolayer detectors. On the other hand, the optimum granule lay 
er thickness is limited by weakening of the neutron flux attaining the internal 
layers. 

We determined the variation of the efficiency jy, as a function of the granul 
size and thickness of the detector layer with different contents of boric acid en 
riched to different percentages of B10, we also recorded the differential pulse 
height distribution curves for slow neutrons and y-rays. 

The results are summarized in the accompanying table and in Figs.1 and 2: if 
the table and figures / is the thickness of the detector, ld» is the optimum thick: 
ness of the detector (in mg/cm?), I is the efficiency referred to detector III 
with 34% natural H3B03, a thickness of 80 mg/cm? and a grain size of 185 microns, 
the efficiency of which in detecting slow neutrons was found to be 5.4 + 0.4%, 
i.e., Nn = 1-5.4%. The neutron capture efficiency Q@ was calculated on the basis 
of the Bpj03 content remaining after heating. 

It will be seen that the efficiency increases with increase of the boric aci 
content, passes through a maximum, which lies in the range from 30 to 35% H3B03 
by weight (depending on the degree of enrichment), and then falls off. (Compare 
detectors I, III and V). 

With increase of the layer thickness the efficiency Ny also passes through a 
maximum; this peak is more pronounced and is shifted to the side of lower thick- 
nesses with decrease of B10 enrichment (see Fig.1). For a detector with a given 
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Fig.l. Variation of the relative slow neu- 
tron counting efficiency as a function of 
the layer thickness for detectors II, III 
& IV (see table). The figures at the cur- 
ves indicate the granule size in microns. 


layer thickness and weight content of H2B03 Nn increases 
with increase of granule size and then tends to satura- 
tion at 800-1100 uw (see Fig.1). For example, for detec- 
tors containing 30% H3B03 (B10 content 87%) and a layer 
thickness of 100 mg/cm? the efficiency Nn increases from 
5 to 14 to 25% with increase of the granule size from 50- 
100 to 150-300 and 750-1000 microns. At the same time 
the optimum thickness increases from 40 to 110 mg/cm“. 
For detectors of the same composition but with natural 
H3B03 the optimum thickness for a granule size of 750- 
950 microns increases to 160 mg/cm2, In the case of the 
detectors listed in the table use of the optimum thick- 
ness with increase of the granule size from 185 to 800 u 
enhances the efficiency by a factor of 1.6 to 2.0. For 
the same variation of granule size, the optimum thick- 
ness for each detector increases by a factor of 1.9-2.0. 
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Fig.2. Differential amplitude distribution of pulses from slow neutrons and y-rays 
1 - distribution of pulses from slow neutrons for a detector containing 30% H3B03, 
enriched with B10 to 87%; 1 = 100 mg/cm2, granule size 750-1000 nu, fn = 25%; 2 - 
same but for detector containing 34% natural H3B03, 7] = 200 mg/cm2, granule size 
750-1000 wp, Nn = 10%; 3 - integral distribution of pulses from neutrons and y-rays 
for detector I; 4,5 & 6 - distribution of pulses due to y-rays from RaTh (Ey = 

= 2.62 Mev), Ra (Ey = 1.76 Mev) and Cs137 (Ey = 661 kev). 


The probability for emergence of a scintillation per absorbed neutron I/@ de- 
creases with the granule size; it changes little with increase of the H3B03 con- 
tent up to the optimum value, but then falls off sharply with further increase of 
the boric acid concentration (for example, by a factor of 5-6 for detector V). 
This must be due to impaired energy transfer from the Q-particles to the zinc sul- 
fide, inasmuch as in detector V there are five molecules of B903 per molecule of 
ZnS (Ag) instead of one molecule B903 per two molecules ZnS(Ag) at the optimum 
HgB03 content (detectors III and IV). 

Disperse detectors of the described type have a low sensitivity for y-rays 
owing to the relatively low specific ionization by secondary electrons forming as 
a result of interaction of the y-rays with the detector material as compared with 
the specific ionization produced by recoil neutrons and Q-particles forming in 
the B10(n,q@)Li7? reaction. 

Fig.2 shows the differential distributions of pulses from Cs137, Ra and RaTh 
y-rays and slow neutrons obtained by means of a 100-channel AI-100 "Raduga" pulse 
height analyzer, Experimental determination and calculation of the efficiency ny 
in detecting 2.62 Mev y-rays with discrimination of the pulses from 1.76 Mev y-ray 
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shows that No is three orders of magnitude lower than ny. The efficiency Nn was 
determined with discrimination of the pulses from the 2.62 Mev y-rays at flux 
levels not producing superposition of the y-ray pulses. The relative discrimina- 


tion threshold B does not depend on the intensity of the y-ray flux. In case of 


detection of neutrons against a strong y-radiation background of the order of 50- 
100 mC/sec there occurs superposition of the y-ray pulses so that the time reso- 
lution of the detector, which is determined by the characteristics of the ZnS(Ag) , 
corresponds to ~1075-10-4 sec, which leads to increase of the discrimination 
threshold and decrease of the neutron detecting efficiency nj. In this case it 
is more advantageous to use a detector corresponding to curve 1 in Fig.2, inasmuch 
as the ratio of efficiencies 1), for detectors prepared with enriched H3B03 (curve 
1) and natural H3B03 (curve 2) increases with increase of B. 

In conclusion, it must be noted that the different preparation procedures!-3 
result in detectors with close values of fy, Ny, the ratio of ZnS (Ag) to B203 
and distributions of pulses from neutrons and y-rays. 
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DISPERSED FAST NEUTRON DETECTOR 
- G.V.Goroshkov, B.S.Grebenskii, S.P.Khormushko & 0.S.Tsvetkov 


In the present contribution we describe a detector for fast neutrons con- 
sisting of grains of ZnS(Ag) phosphor uniformly dispersed in a hydrogenous mediun, 
The protons scattered in the medium produce recoil electrons which, upon entering 
the phosphor grains, give rise to scintillations that are detected by a photomulti- 
plier. The complete assembly consists of a detector, a photomultiplier, an ampli- 
fier, an integral and differential discriminator and a pulse register. 

Detectors of this type have been described by a number of authors!-6, Our 
detectors were prepared by polymerization of styrene and methyl methacrylate with 
ZnS(Ag). The preparation procedure developed allows of obtaining detectors of 
different size (1 to 300 mm) and shape (hollow sphere, cylinder, hemisphere, etc.). 
The ZnS(Ag) phosphor had the following characteristics: grain size 12-25 uw, decay 
time T x 10-4 sec, intrinsic emission maximum 4100-4500 A, which matches the maxi- 
mum spectral response of photomultipliers with a cesium-antimony photocathode. 

The neutron detecting efficiency by a disperse detector may be written as 


N= €g°€p’€&s;, (1) 


where €g is the efficiency as regards neutron scattering’; Ep is the efficiency 
as regards entry of protons produced by neutrons of energy Ep into the ZnS (Ag) 
grains, and €, is the efficiency with which the instrument detects the scintilla- 
tions arising in the detector; €, is determined by the intensity distribution of 
the scintillations, the optical properties of the detector and the discrimination 
threshold B. 

According to Ivanov®, the transparency of the detector to its intrinsic radi- 
ation is determined by the scattering factor S for the intrinsic radiation in the 
detector material and the absorption coefficient K, which depends on the index of 
refraction of the scintillator and the hydrogenous medium, the grain size and con- 
centration of ZnS(Ag). With increase of the ZnS(Ag) concentration €, decreases. 
The amplitude distribution of the scintillations depends on the neutron energy 
En, the phosphor grain size, its weight concentration Cw and the specific ioniza- 
tion of zinc sulfide by protons. With increase of E, the proton range in the 
material increases and, consequently, so does the probability of a proton passing 
through an entire ZnS(Ag) grain, but the maximum intensity of a scintillation 
produced in one ZnS(Ag) grain is limited by the size of the grain. With increase 
of Cy the probability for passage of a recoil proton through several ZnS(Ag) grain: 
increases. It is difficult to determine the scintillation intensity distribution 
as a function of Ey, and the detector parameters. The discrimination threshold B 
is chosen so as to eliminate, in so far as possible, pulses due to y-radiation. 
At high y-flux levels, however, there occurs superposition of y-ray pulses and B 
must be increased. Thus for a detector of thickness / = 10 mm (Cy = 25%) the ef- 
ficiency in detecting neutrons from a Po-Be source is 1.2% of the bias set to 
discriminate 3-104 y-rays cm-2 sec-1 (hy = 2.6 Mev), while with discrimination 
equal to 3-10° y-rays cm72 sec7! the efficiency € = 0.4%. By determining the ef- 
ficiency as regards neutrons from Po-Be and RaThy-Be sources with different de- 
tector thicknesses and different ZnS(Ag) concentrations one can evaluate the 
relative variation of €, with variation of Cy. On the basis of this evaluation 
of €s one can determine the character of the variation of €p with Cy (in our ex- 
periments Cy was varied from 10 to 70%). The experimental variation of Ep as a 


pa a of Cw and En is characterized by a "saturation" curve and is described 
y 
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ea = e* (7) oe 


p (2) 


where Cy is the volume concentration of ZnS (Ag), R,is the range in the scintil- 
lator material of protons produced by neutrons of energy En, and k(r) is a coef- 
ficient that depends on the energy distribution of the proton recoils and the di- 
mensions of the scintillator grains. 

It will be evident that n 
increases with increasing thick- 
ness 1 of the detector only to 
a certain optimum value /, which 
depends on the optical proper- 
ties of the detector, Ey, and B. 
For a detector with Cy = 25%, 
in recording the neutrons from 

Mey @ Po-Be source and discrimina- 
tion of the y-flux to the ex- 
tent of 3-104 y-rays cm=2 sec71, 


Counting rate 


LORS 


Ww» 


a - Variation of ) with C, for />1), (1 - ex- the optimum thickness /, = 10 

perimental points; dashed line - calculated mn. 

curve). b - variation of ) with neutron ener- For detectors with />J, 

gy (experimental points for curve b: 2 - neu- the detecting efficiency will 

trons from Po-Be source, 3 - neutrons from have a maximum at a certain Cy, 

linear accelerator, 4 - neutrons obtained by inasmuch as €p increases with 
means of a Van de Graaff generator). increase of Cy, while the pro- 


duct €5°€, decreases. The ac- 
companying figure shows the variation of yn with Cy, with /> |, for neutrons from a 
Po-Be source with discrimination of the 2.6 Mev y-radiation equal to 3-104 y-rays 
em~2 sec~1 (curve a); 7) depends on the neutron energy Ey; €p increases with in- 
crease of E,, in accord with Eq.(2) and approaches saturation at a certain value 
of En; €, increases owing to change in the intensity distribution of the scintil- 


lations, while €, decreases with increase of Ep. 


It will be evident from the character of the Ey dependences of €0, €p and €g 


that the n vs Ey curve must have a maximum. 


The rate of change of 7) with E, and the position of the ) maximum depend on 


Band /. In the accompanying figure we also show the variation of ) with E, for 


a detector with Cy = 25%, / = 10 mm and B set to discriminate 3-104 y-rays em72 
sec-l (2.6 Mev y-rays) (curve b). It will be evident from the presented data 


that the given detector can detect neutrons with energies from 0.5 Mev. 
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SELECTION OF PHOSPHOR COATINGS FOR X-RAY SCREENS 
- A.M.Gurvich & R.V.Katomina 


X-rays of different penetrating power (hardness) , generated at different ae 
tentials on the x-ray tube, are used in medical and industrial roentgenology, de 

j h cientific problem involved. 
peeys ne atte ried the Re oe in luminescence intensity of screens prepared 
of the principal industrial roentgenoluminophors as a function of the effective 
wavelength in the range from 0.11 to 1.8 amp (7 to 114 kvert) - The intensity was 
measured for layers 70 mg/cm? thick by the ‘through procedure, i.e., by obser Vas 
tion from the nonirradiated side by means of a photoelectric poo Te with cesi- 
um-antimony photocells. in other respects the experimental conditions were the 
same as described in Ref.1l. 


. e 
cawy,” 


: 4 
20 40 60 80 100 Vere 0.010 0.020 pure 


Fig.l. a - Variation of the relative luminescence intensity of screens (70 
mg/em*) observed from the back as a function of the x-ray energy (tube po- 
tential): 1 - CaWO4(NaoHPO,) - standard (the intensity of its luminescence 
was taken as unity); 2 - CaW0,4 (CaClo) - UVD (ultraviolet detector) phosphor; 
3 - (Ba-Pb)S04(NapS04,-NaHS04); 4 - cub.ZnS:0.02%Ag(MgCl5,NaC’); 5 - hex. 
54ZnS* 46CdS:0.01Ag(NaCl). b - variation of the ratio between the intensity 
of a ZnS:0.02%Ag screen and the intensity of a (Zn,Cd)S:Ag screen as a func- 
tion of 1/E (the reciprocal of the x-ray energy). 


Fig.1,a shows the results of measurements of the relative luminescence in- 
tensity of different screens as a function of the x-ray energy with a wavelength 
of Nefe, the value of which was determined by measuring the half-value layer. 

As was shown earlierl, the maxima in the luminescence intensity curves for (Ba, 
Pb)SO, and (Zn,Cd)S:Ag phosphors are due to the characteristic absorption of x- 
rays by barium and cadmium. It should be noted that the intensity ratios shown 
Fig.l change somewhat if one uses screens with optimum phosphor loadings (Fig. 
2). 

The results of the present investigation, which was carried out under condi- 
tions close to those obtaining for the screens in electron-optical image intensi- 
fiers2, show that the most efficient phosphor for screens in such intensifiers 
in a wide range of values of the x-ray energy E is (Zn,Cd)S:Ag. Above 30 Kvere 
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Fig.2. Variation of the luminescence intensity of screens with the phosphor 

loading in the screen measured from the nonradiated side: 1 - CaWO4 - UFDM 

phosphor (mean grain size d = 12.7 4), 2 - (Ba,Pb)SO4 (dp=18,0 0) «3-—(7n > 

Cd)S:Ag (d = 12.5 yp), 4 - ZnS:Ag (d = 9.5 wy). All the screens were excited 

by x-rays with a potential of 80 kvyax on the tube and a 0.4 mm Cu absorber 
(E = 47 Kvore) + 


the advantage of (Zn,Cd)S:Ag screens as regards luminescence intensity over ZnS: 
:Ag screens increases with increase of E. It also follows that the amplification 
(intensification) factor of electron-optical converters with ZnS:Ag screens as 
determined with reference to a conventional (Zn,Cd)S:Ag fluoroscopic screen, de- 
creases with increase of E. Using the data shown in Fig.1,b we obtain K, = 

= (0.333 + =) for the amplification coefficient of an electron-optical convert- 
er in the energy range E = 35 to 115 kvgrs. Having measured Kg at a certain value 
‘of E, one can readily calculate the coefficient a. 

In the case of measurements using a Cs-Sb photocathode to detect the radia- 
tion the optimum CdS content in (Zn,Cd)S:Ag screen phosphors is 40% of the total 
sulfide weight. With decrease of the CdS concentration the effective light yield 
Beff*x decreases, owing to decrease of the roentgenoluminescence yield B, while 
with increase of the CdS content the effective yield decreases owing to increas- 
ing noncorrespondence between the spectral sensitivity S, of the radiation de- 
tector and the spectral composition /, of the emission of the phosphor (by way of 
criterion for the spectral correspondence one can use the quantity K = |S.tan / 


[\nan (see Ref.1). In the case of fluorographic screens, when the radiation 


detector is PF-3 panchromatic film, the optimum CdS content lies between 40 and 
50%. The peak of the sensitivity band associated with the film lies at 590 my 
(Ref.3), while with 50% CdS the luminescence peak lies at 554 mu; increase of the 
CdS content above 50%, however, results in decrease in the value of K and a cor- 
responding reduction of Bers, which is substantiated by experiments (see table). 

: *The variation of Bef with Age for screens with a phosphor loading of 

300 mg/cm2 can be obtained if one multiplies the values of I/AP given in Ref.1l 

by the electron conversion factor. 
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Variation of the efficiency of (Zn,Cd)S:0.01Ag(NaCl) phosphor with the CdS 
content in the batch and the spectral response of the radiation detector 
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The scattering of luminescence light and x-rays in the screen depends on 
the nature of the phosphor, and this in turn affects the resolving power of the 
screen and the position of the maximum in the curves giving the variation in lumi- 
nescence intensity as a function of the phosphor loading (Fig.2) (cf.Ref.4). 


State Scientific-Research Roentgeno-Radiological Institute, 
Ministry of Health of the RSFSR 


References 


1. A.M.Gurvich & R.V.Katomina, Novosti med.tekhniki (Medical technology 
news), No.1, 47 (1961). 

2. M.M.Butslov, Izv.AN SSSR, Ser.fiz., 23, 552 (1959). (Trans.Bulletin, 23, 
535.) 

3. Svoistva fotograficheskikh materialov na prozrachnoi podlozhke (Proper- 
ties of photographic materials on a transparent support), p.125, edited by Yu.N. 
Gorokhovskii & S.S.Gileva, M., 1955. 

4, A,M.Gurvich, Novosti med.tekhniki (Medical Technology-News) , No.6, 48 
(1960); A.M.Gurvich & R.V.Katomina, Program of the Ninth Conference on Luminescen- 
ce, p.34, M., 1960. 


- 503 - 


USE OF STRONTIUM SULFIDE PHOSPHORS FOR MAKING LUMINOUS SIGNS 
- T.A.Krasnova 


Hitherto, use of strontium sulfide:Bi:Cu phosphors?! , which have persistent 
afterglow, for preparation of identification signs and similar devices has been 
limited owing to the great decrease in luminance with time because of hydrolytic 
decomposition of the phosphor host. However, the excellent qualities of these 
phosphors justify all attempts to realize their practical use. 

In the present report we give the results of experiments aimed at obtaining 
luminescent devices prepared by incorporating the phosphor into synthetic materi- 
als (plastics) in different ways. The data on the phosphorescence brightness be- 
fore and after test exposures are summarized in the accompanying table. It will 
be evident from the data presented that there have been found ways of preparing 
signs with satisfactory stability over a prolonged period. The results show that 
luminescent signs prepared of strontium sulfide phosphor in combination with syn- 


thetic materials can be used for practical purposes. 
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Brightness of strontium sulfide phosphor devices before and after test exposures 


Ne ee 
Afterglow bright-. 


Dura Lon ness referred to 
Material and method of Test (exposure) of fresh powder, % 
incorporation of phos- test a 
h before after 
phor 
test test 
Polymethylmethacrylate 
Phosphor in binder | Roof test 10-50 days 95 a 
between plexiglass spring-summer 
plates Storage in room 9 months 95 | 70 
! 
| 
Powder in sealed | 
plexiglas container Storage in room 3 months 80 80 
Phosphor with binder 
on dial of sealed | 
instrument Storage in room 5 months 80 80 
Tee aee aes aoe Storage in building acetate LOE a 
= 16 months 100 | 36 
Polyethyl 
——— Storage in room pie eats See | 
Low pressure moldin Z or rte ee | — 
= a Ss g Roof test 30 days sot 65 
P Spring-summer 60 days 80 50 
Pressure molding Roof test 30 days 13 13 
Phosphor powder in 
sealed polyethylene tube | Storage in room 1 year 100 100 
Powder compressed be- 
tween polyethylene plates; Storage in room 1 year 100 100 
Thermosetting plastic TS-3 
Molded Storage in room 9 months 80 | 40 
Same but prerolled Storage in room 9 months 50 30 
Epoxy resin 
Luminescent coating on Sign held under water 30 days 62 50 
metal surfaces Roof test 30 days 62 52 
Same, large sign 30 days 64 61 


Silicate enamels 


Applied to metal surface Storage in room 3 years 30 30 


oso 
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PHOTOELECTRIC PHOTOMETER FOR DETERMINATION OF URANIUM IN SODIUM FLUORIDE BEADS 
- Z.M.Sverdlov 


The usual procedure commonly employed in recent years for quantitative deter- 
mination of uranium in fused sodium fluoride is based on visual photometry by 
means of the LYuF-51 luminescence photometer! with the luminescence of the NaF 
beads being excited by 366 mu ultraviolet.* 

The method of photographic photometry, which has been used by a number of 
authors2,3, for quantitative determination of uranium in fused sodium fluoride, 
has not gained acceptance in analytic practice owing to the laborious nature of 
the procedure and the bulky character of the equipment involved. 

In recent years, thanks to advances in electronic engineering, it has become 
feasible to design photoelectric equipment for quantitative determination of ura- 
nium in fused sodium fluoride. * 

We have developed and used for quantitative determination of uranium in NaF 
beads a new instrument, the FAS-1 photoelectric photometer, by means of which one 
can enhance the sensitivity and accuracy of analysis over those obtainable in em- 
ploying the visual LyuF-51 instrument. 

The electric system of the FAS-l1 instrument (Fig.1) consists of a UFO-4A tube, 


which serves as the light source, an FEU-19 photomultiplier, a dc amplifier and a 
power supply. 


220V 


Fig.l. Electric circuit of the FAS-1 photoelectric photometer. 
| *The preparation of uranium-containing sodium fluoride beads weighing 4-5 mg 
for determination of uranium in ores and minerals is described in Ref.1. 
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The UFO-4A tube is a low power source yield- 
ing a mercury spectrum. The UFO-4A requires a 
voltage of 24-28 v and draws a current of 300- 

350 ma. The FEU-19 photomultiplier has a cesiun- 
antimony semitransparent photocathode and its | 
spectral sensitivity lies in the 3500 to 6000 A 
range. The de amplifier serves for amplifying 
the output of the FEU-19 and is assembled about 
a 6N7 dual triode. The output current of the am- 
plifier is measured by means of a microammeter. 

Fig.2. Optical system The power supply of the instrument consists 

of the FAS-1. of a ferroresonance voltage regulator, a rectifier 

for supplying the amplifier, an electronic voltage 

regulator for supplying the photomultiplier and a rectifier for supplying the UFO- 
4A tube. The optical system of the instrument is shown in Fig.2. The ultraviolet 
light from the UFO-4A tube 1, after passing through the SZS-10 and UFS-3 light 
filters 2 and 3, is focused by means of the convex aluminized mirror 5 onto the 
test bead 4. (Instead of being aluminized, mirror 5 may be coated with an inter- 
ference layer reflecting 366 mu ultraviolet rays and passing visible luminescence.) 
The luminescence passes through the opening in mirror 5, is reflected from mirror 
6 and after passing through the ZhZS-6 and ZhS-18 light filters 7 and 8 is focused 
by lens 9 onto the photocathode of the FEU-19 photomultiplier 11. The iris dia- 
phragm 10 mounted in front of the photomultiplier is used to regulate the amount 
of light incident on the photocathode. 

The instrument was calibrated with reference to NaF beads containing known 
amounts of uranium. In analytic measurements alternately with the test beads the 
operator observes the luminescence intensity of a standard, a luminescent plate 
of constant brightness. 

By way of illustration in Fig.3 we give the working curve for determination 
of uranium in sodium fluoride beads in the concentration range from 1-10-9 to 
1-10-8 g uranium in a 4 mg bead. 


We carried out a comparison of the sensitivity 


Lyme. limits in determining uranium in NaF beads by means 
60 of the FAS-1 instrument and by means of the LYuF-57 
photometer”. 
69 It was found that the limiting sensitivity for 
ral determinations on both instruments is 1-10710 g urani- 
um in a 4 mg NaF bead. The reproducibility in repeat 
a measurements on the same bead is the same for both 
instrmuents and lies within 2% of the measured quality. 
, In contrast to the LYuF-57 instrument which is 
2 4 6 8 by 10° intended exclusively for determination of uranium in 
NaF beads, the FAS-1 instrument is equipped with 
Fig.3. Working curve for interchangeable attachments by means of which one can 
the FAS-1 photometer. carry out measurements of the luminescence intensity 


of solutions excited by 366 mu ultraviolet and 405 or 

436 mu visible rays and gage the absorption of individual lines of mercury (253.7 
313, 366, 405, 436 and 579 mu) in solutions and solids. 
Thus by means of the FAS-1 instrument one can investigate the energy distri- 
bution in the luminescence spectra of solutions and solid specimens. To this end 
*The LYuF-57 photometer employes a balancing circuit; the ultraviolet source 


is an SVD-120A burner; the light detectors are two alkaline photocells connected 
in opposition. 


os wun ae Be Bde th ee 
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the instrument is equipped with a set of ten interference filters for isolating 
individual regions of the luminescence spectrum. 

The production shop of the Leningrad PhysicalMechanical Technical School is 
setting up batch production of the FAS-1 photometer and these instruments should 
be available to laboratories and research institutes in 1961. 


All-Union Scientific-Research Geological Institute 
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INSTRUMENT FOR DETERMINING THE PARAMETERS OF FLUORESCENT SCREENS 
- B.I.Pochtarev, K.K.Raspletin & D.V.Fetisov 


The PRS instrument was developed for the purpose of investigating and mea- 
suring the principal characteristics of cathodoluminescing screens and phosphors. 
The latest PRS instrument is a universal electron-optical apparatus which employs 
a system of electrostatic lenses (Fig.1). By means of this instrument one can 
carry out investigations of the resolution, the light output, the spectral compos 
sition of the emission and the cleanliness of the surface of screens with excita- 
tion thereof by a stationary electron beam. Under standard conditions the screens 
are observed from the unbombarded side, but by means of a special attachment, 
which is mounted on top of the measurement chamber, one can investigate differ- 
ent phosphor powders or screens by observation from the bombarded side. 

The ultimate resolving power of the 
instrument, evaluated by means of a phos- 
phor single crystal, is 700 lines per mm. 
The accelerating voltage can be varied 
from 0 to 30 kv, the beam current can be 
regulated in the range from 2-10-8 to 
3-1076 amp. For special experiments the 
current can be increased to 1-1079 amp. 

The electron spot on the screen 
(phosphor) has a constant diameter of 20 
mm. The working pressure in the chamber 
is (1-3):1074 mm He. From 8 to 30 screens 
or up to 20 cells with phosphor powders 
can be loaded into the measurement cham- 
ber. The light outputs of yellow-green 
and blue screens (phosphors) are measured 
Fig.1. PRS instrument for measuring by means of selenium and cesium-antimony 
the parameters of fluorescent screens. photocells, respectively. The principle 
of operation of the instrument, its de- 
sign and the measurement procedure for 
the resolution and light output have been 
described in Ref.1. 


Measurement of the Spectral Composition 


Measurement of the spectral composi- 
tion of the emission of the screens or 
phosphors with observation from the un- 
bombarded or bombarded side is simple be- 
cause the emission spectrum virtually 
does not depend on the excitation condi- 


Fig.2. Diagram of the spectrographic tions. The instrument employs a spectro- 
attachment: 1) tube, 2) lens, 3) mir— graph (or monochromator) to obtain the 
ror, 4) spectrograph monochromator, spectral distribution curves. 


5) stand, 6) screen, 7) electron beam 
8) measurement chamber, 9) light flux 
from the screen, 


; For measurement of the emission spec- 
tra a rotatable optical system, diagram- 
med in Fig.2, is mounted over the viewing 
window. The system consists of a metal 

tube 1, housing a lens 2 and mirror 3, which directs the light beam from the 

screen to the spectrograph or monochromator 4, mounted on the special stand 5. 
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Under certain conditions the luminescence intensity may be very weak, hence 
there is provision to use a photomultiplier for amplifying the Signal when neces- 
sary. 

We desire to express our gratitude to Yu.M.Kushnir and M.A.Meerov for valu- 
able advice, assistance and constant interest in the work. 
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ATTACHMENT FOR THE PRS INSTRUMENT FOR INVESTIGATING PHOSPHORS FROM 
THE BOMBARDED SIDE 
- B.I.Pochtarev 


In laboratories and manufacturing plants for preliminary evaluation of the 
quality of phosphor powders it is the practice to use the method of investigating 
the luminescence characteristics by observation from the bombarded side. Such 
investigation of cathodoluminophors is the first stage in controlling their quali- 
ty and monitoring their parameters.1l 

For the purpose of investigating the properties of phosphor specimens we de- 
veloped an attachment to the PRS instrument (see preceding article) by means of 
which one can measure the light output and the spectral composition of lumino- 
phors and screens from the bombarded side. 

The luminescence of the phosphor or screen is excited bya steady electron 

-beam incident on the surface at an angle of 45°. The accelerating voltage can 
be varied in the range from 0 to 30 kv, the beam current in the range from 2°10-8 
to 3-10-© amp. The diameter of the electron spot is 20 mm. The instrument cham- 
ber can contain up to 20 cells with sample phosphors or screens. 

The light from the excited phosphor is measured by means of a selenium photo- 
cell corrected to match the sensitivity curve of the human eye, or by a cesium- 
antimony photocell, depending on the spectral composition of the radiation, or 
is analyzed by means of a spectrograph. 

In measurement by observation from the bombarded side there are employed the 
same procedures for determining the light output and emission spectra as in in- 
vestigating screens by observation from the unbombarded side.2,3 

The attachment, which is diagramed in the accompanying figure, consists of 
a separate electron-optical system and is mounted on top of the measurement cham- 

ber of the PRS instrument in place of the top cover. The electron-optical system, 
which consists of an electron gun 1 and an electrostatic lens 2, produces and 
shapes an electron beam of uniform intensity, which is limited by the aperture 
3. The high voltage and cathode heater current are supplied to the gun by the 
armored cable 4. 

The investigated phosphor samples are placed in special cells in the rotat- 
ing drum 5, which is mounted in the measurement chamber 6 of the instrument. To 
insure a uniform electron beam, a secondary electron collector 7 is mounted along 
the beam path. The photocell 8 (or the optical system for deflecting the light 
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flux to the spectrograph) is mounted directly above the luminescing surface of 
the phosphor or screen. 


I take this opportunity to express my deep gratitude to M.A.Meerov for as- 
‘Sistance and constant interest in the work. 
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Discussion Following the Reports of Z.M.Sverdlov; B.I.Pochtarev, K.K.Raspletin & 
D.V.Fetisov; B.I.Pochtarev: 


B.I.Maksakov: The PRS instrument described by Pochtarev can be used for car- 
rying out diverse investigations of the properties of fluorescent screens: the 
resolving power, light output, spectral composition of the emission, etc. I 
would like to suggest that in future models there be provision for exciting the 
screens not only by means of an electron beam but also by x-rays. However, even 
in its present form this instrument is highly useful for routine control of the 
quality of screens particularly under industrial conditions. I move that the 
Conference recommend that this instrument be put into production. 

Regarding the report of Z.M.Sverdlov. The use of photoelectric photometry 
for investigating luminescence is undoubtedly important in the development of 
instruments. As for the FAS-1 instrument (photoelectric photometer) described 
by Sverdlov it must be borne in mind that at present there is another instrument 
for the same purpose, the LYuF-57, which is being produced by our industry. For 
a new instrument to be introduced it must possess better technical qualities. 
Comparison of the LYuF-57 and FAS-1 instruments shows, however, that their basic 
parameters are virtually identical. 
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INVESTIGATION OF THE ELECTROLUMINESCENCE OF ZINC SULFIDE SINGLE CRYSTALS 
- V.E. Oranovskii 


In our earlier studies!,2 of electroluminescence of ZnS:Cu:Cl single crys- 
tals it was shown that the luminescent stripes or striae break up in length into 
sections characterized by different phases of the brightness wave and different 
reaction of the luminescence to introduction of positive or negative current car- 
riers. On the basis of the experimental results obtained on excitation of elec- 
troluminescence by electric fields directed at different angles relative to the 
direction of the stria it was inferred that the crystals are anisotropic as re- 
gards excitation by an electric field and that this anisotropy is connected with 
anisotropy of conductivity. There was deduced a formula describing the voltage 
dependence of the brightness, taking into account the field angle. 

The purposes of our present work, which is a continuation of our earlier 
studies, was to determine in more detail the properties of an elementary section 
of a stria and to elucidate the mechanism of excitation and influence of injected 
current carriers. To this end we obtained for ZnS:Cu:Cl crystals indicatrices of 
the brightness at different positions of the photoprobe (UV light spot) relative 
to the observed section. In all these measurements the photoprobe was directed 
onto sections of the crystal outside the field of view. We recorded brightness 
indicatrices for a uniform section of an electroluminescing stria under the fol- 
lowing excitation conditions: 1) without additional photoexcitation by the probe, 
2) with the photoprobe to one side or the other, i.e., above or below, the stria, 
3) with the probe spot along the direction of the stria and to the right of the 
observed section, and 4) with the probe spot in the direction of the stria and to 
the left of the observed section (see diagram of Fig.1). 


Fig.1. Arrangement for determining the 
effect of ultraviolet radiation on the 
electroluminescence of zinc sulfide 
crystals: 1 - capacitor plates, 2 - 


ultraviolet spot (100 » diameter) 3- Fig.2. Brightness indicatrices observed 

slit, 4 - observed section of stria, under the influence of additional ultra- 

5 - boundary of field of view. violet excitation and without such exci- 
tation. 


The indicatrices obtained in cases 1 and 2 virtually coincide; the result 
obtained in case 3 is shown in Fig.2. Here the smaller loop is the indicatrix 
without additional photoexcitation; the larger loop is the indicatrix with addi- 
tional ultraviolet excitation. Transfer of the photoprobe spot to the opposite 
side of the observed section of the stria leads to decrease rather than increase 
in the size of the indicatrix loop; that is, the change can again be represented 
as in Fig.2 but in this case taking the large loop as the initial one. The ratio 
of the radius vectors of the indicatrices under the exciting influence of the UV 
probe and without it is constant for all angles between the field and the direc- 
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tion of the stria, except for angles close to 90°, where there is observed a large 
scatter of the experimental points; this is probably connected with the fact that 
the measured brightnesses are greatly reduced and a substantial role begins to be 
played by distortions of the field introduced by the crystal itself. Examination 
of the indicatrices shows that they can be obtained one from the other by simple 
increase or decrease of the factor A in the following formula describing the re- 
lation between the brightness and the field: 

b 

B= Ae VV¥oosa | 


In view of this it may be inferred that the additional current carriers pene- 
trating into the observed regions of the crystal under the influence of the photo- 
probe do not participate or even affect the processes associated with field con- 
centration. 

Further experiments were carried out on single crystals activated with man- 
ganese in addition to copper. The single crystals were prepared by reaction in 
the gaseous phase between zinc and hydrogen sulfide. The principal activation 
by copper and manganese was realized during growth of the crystals (part of the 
copper was introduced additionally afterwards). 

The distribution of electroluminescence in the case of these crystals is of 
the same character as in the crystals investigated earlier!,2, The luminescence 
is concentrated in separate parallel striae, which differ in color depending on 
the activator involved. The striae in which the manganese emits are red; those 
in which the luminescence is due to copper are blue. 

In view of the relatively low sensitivity of our photomultipliers in the red 
part of the spectrum, we were unable to carry out quantitative measurements, simi- 
lar to those described above, for the "manganese striae’. Visual observations 
showed, however, that the manganese striae, in contrast to the copper ones, do not 
react or react only very weakly to the influence of the UV photoprobe when it is 
directed onto the crystal outside the field of view. When the photoprobe is inci- 
dent within the field of view, i.e., directly on the observed section of the stria, 
in some cases there is observed even increase in the brightness of the stria in- 
stead of quenching as in the case of copper activation. 

In these experiments there were obviously evinced the distinctive properties 
of manganese as an activator. It is known that manganese is not ionized in the 
process of excitation of the crystal. Taking into account the fluorescence char- 
acter of the emission of manganese it may be concluded that it emits during the 
excitation half-cycle, that is, that the fluorescence coincides with the excita- 
tion half-cycle. This means that the fact that the luminescence of manganese is 
independent of the action of the photoprobe substantiates the inference that the 
luminescence of copper occurs during the voltage half-cycle following the excita- 
tion half-cycle. This also substantiates the above inference that in a wide range 
the processes of field concentration are independent of the number of additional 
injected charge carriers. This also confirms the deduction that the excitation 
of electroluminescence centers in these crystals occurs in the range of high field 
intensities. 
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ELECTROLUMINESCENCE AND SURFACE PROPERTIES OF CRYSTAL PHOSPHORS 
- I.K.Vereshchagin 


A number of phenomena reported by investigators bear evidence for the sig- 
nificant role of surface effects in the processes of excitation of electrolumi- 
nescence of powdered phosphors. It was found, for example, that the catalytic 
activity of ZnO, which is known to be a surface effect, varies congruently with 
the electroluminescence as a result of change in the conditions of preliminary 
heating.1 

It is also known that adsorbed gases have a strong influence on the electro- 
luminescence of ZnO and many polycrystalline specimens of ZnS and (Zn ,Cd)S phos- 
phors.2 Upon removal of part of the adsorbed molecules, for example, by evacu- 
ating the container, the mean luminescence brightness usually increases. The in- 
fluence of ultraviolet light in vacuum (~10-2 mm Hg) leads either to further in- 
crease of the steady luminescence or to some decrease thereof, which can be ex- 
plained by photodesorption or photoadsorption of the gas.3,4 Under the same con- 
ditions the intensity of photoluminescence changes very little, while the changes 
in photoconductivity are commensurate with the changes in electroluminescence. 
The photo-emf on the contrary, goes down as a result of removal of the adsorbed 
molecules by evacuation. 

In the accompanying figure we present curves characterizing the effect of 
adsorption of gases on some of the properties of ZnO. Owing to curvature of the © 
energy bands? at the surface of ZnO with adsorbed oxygen, the barrier (back) 
photo-emf will predominate over the diffusion photo-emf, and the magnitude of 
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the emf will be determined primarily by the height of the barrier at the surface. 
This is the reason for the decrease of the photo-emi with removal of the adsorbed 
gas. In cases when evacuation does not affect the electroluminescence of sulfide 
phosphors, changes in the photo-emf are also usually negligible (predominance of 

the role of the crystal-second solid phase interface). 

Inasmuch as even ordinary evacuation at room temperature, which cannot re- 
move tightly bound oxygen, leads to strong changes in the electroluminescence and 
photo-emf, it may be assumed that the weak binding between the outer layers of 
gas molecules and the crystal is chemical in nature and covalent in character. 

In this case the adsorbed molecules may give rise to surface levels, the exist- 
ence and filling of which will be evinced in the magnitude of the surface conduc- 
tivity and the rate of recombination, and then as regards the height of the bar- 
rier.§ 

Since the luminescence brightness increases with evacuation despite some 
lowering of the barrier, a significant factor where electroluminescence is con- 
cerned is the rate of surface nonradiative recombination. Increase in the rate 
of recombination on the surface is usually taken into account in considering the 
photoconductivity of sulfides.’-9 Electroluminescence must be very sensitive to 
surface recombination inasmuch as under the influence of an alternating field the 
barrier is periodically lowered and electrons emerge to the surface. 

In addition, both electroluminescence and the photo-emf depend on the fil- 
ling of the surface levels (traps). In the case of unexcited ZnO specimens there 
is observed a rapid initial rise of the electroluminescence and photo-emf, which 
is apparently connected with release of electrons from surface traps. The height 
of these initial peaks depends equally on the time the ZnO is kept in the dark or 


in the absence of a field (gradual filling of the surface levels). 


Thus the conditions obtaining on the surface of electroluminophors are sig- 
nificant where electroluminescence is concerned; this must be taken into account 
both in developing the theory of electroluminescence and in preparing phosphors 
for practical purposes. 


Chernovits State University 
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S 
REGARDING THE POSSIBILITIES OF STIMULATING THE ELECTROLUMINESCENCE PROPERTIE 


OF CRYSTALS ; 
-~ I.S,Andreev, G.B.Arzumanyan & L.V.Zyrina 


Below we report on the results of our research which had the following prin- 


ipal aims. 
pet I. To determine the influence of conditions of preparation of zZnS:Cu electro 
luminophors on their brightness, emission spectrum and frequency dependence. 

II. To study the kinetics of emission of ZnS:Cu crystals under the influence 
of an alternating voltage. ; 

III. To elucidate the character of the relaxation processes occurring in 
powdered phosphors under the influence of pulse excitation. 

IV. To search for new ways of synthesizing ZnS electroluminophors. 

I. Investigation of the influence of the conditions of preparation (tempera- 
ture and heating time, type of gaseous medium and kind of solvent used in wash- 
ing) on the characteristics of the resultant phosphor yielded to the following 
results: 

1. The spectra of ZnS:Cu phosphors prepared in media not containing HCl (fo 
example, in an atmosphere of No (or 20% HoS + 80% No) are somewhat shifted to the 
short wavelength side as compared with the spectra of phosphors prepared in media 
containing HCl (for example, 20% HoS + 80% HCI). 

2. The frequency dependence of the electroluminance under the influence of 
a sinusoidal voltage differs somewhat for phosphors prepared in different media; 
this dependence is steeper and is linear in a wider frequency range for phosphors 
sensitized in a medium consisting of 20 HoS + 80% HCl. 

3. Both the spectrum of the phosphor and the frequency dependence change 
with increase of the heating temperature: the higher the temperature, the more 
pronounced the "green" (5200 A) peak in the spectrum; with increase of the heat- 
ing temperature the frequency dependence coefficient increases and passes through 
a maximum corresponding to a temperature of about 1200°. 

4. Increase of the heating time alters the spectrum and the frequency de- 
pendence in approximately the same way as increase of the heating temperature; 
the optimum heating time is ~2 hours. 

5. Different solvents used in washing (water, ammonium, potassium cyanide 
and acetic acid) have different and often significant effects on the brightness, 
spectrum and frequency dependence of the phosphors; particularly great changes 
in the spectrum are produced by potassium cyanide, which tends to enhance the 

blue peak at the expense of the "green" peak. 

II. Investigation of the electroluminescence of phosphor single crystals in 
the field between four mutually perpendicular electrodes (needles to which a 
sinusoidal voltage was applied) showed the following: 

1. The absence of anisotropy of the electroluminescence properties. 

2. Significant influence of contact of the phosphor with the electrode on 
the brightness of the brightness waves, particularly when the luminescent bands 
are nonuniformly distributed over the crystal. 

3. This contact effect is not connected with flow of current through the 
erystal. 

4. The shape of the brightness waves can be explained by assuming, in accord 
with Oranovskii & Khmelinint, that emission at different points in the crystal 
occurs at different times during the voltage cycle. 

III. Investigation of the brightness peaks under the influence of square 


voltage pulses applied to a capacitor containing only the phosphor (no dielec- 
tric) showed the following: 
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1. Both the “leading edge" peak and the "trailing edge" peak in the case 
when the potential on the transparent electrode remains higher than the potential 


of the second electrode, develop at the same rate as the rate of change of volt- 


age, 1.e., during the rise or decay time (~10 microsec), which is in agreement 


with the data of Bonch-Bruevich & Marenkov2. 


2. The rate of decay of the luminescence is an order of magnitude lower than 
the rate of rise of luminescence, and for the "leading edge’ peak the rate is 
somewhat higher than for the "trailing edge" peak. 

3. With opposite polarity on the electrode (potential on the transparent 
electrode always lower than the potential of the second electrode) both the "lead- 
ing edge" peak and the "trailing edge" peak can be represented by two parts: in 
the first part the brightness increases as before with the rate of rise or decay 
of the voltage, while in the second part the rate of rise is 2-3 times slower. 

IV. We investigated the possibility of using electrolysis for activating ZnS 
electroluminophors,. 

The ZnS powder was loaded into a quartz tube equipped with electrodes of the 
desired activator material and heated for a certain time at not excessively high 
temperatures in an atmosphere of nitrogen with simultaneous passage of current 
through the powder (temperature 700 to 1000°; current 0.4 to 15 ma). 

We used the method of radioactive tracers to elucidate the relative roles 
of electrolysis and diffusion in the process of transfer of the activating sub- 
stance and the process of activation. A small weighed sample of ZnS: Ag* (Ag* = 
= radioactive silver) was placed in the bottom of the tube (anode end) with elec- 
trodes of ordinary silver. The rest of the tube was filled with unactivated ZnS. 
After heating with passage of current all the fractions showed a relatively bright 
electroluminescence; the distribution of radioactivity, shown below, clearly indi- 
cates the predominant role of electrolysis. 


Fraction Activity, 
pulses/min 
Anode me 
Phosphor near anode 628 
Phosphor in middle of tube 116 
Phosphor near cathode 837 
Cathode 4576 


In order to bring out the relative roles of electrolysis and diffusion in 
the process of activation per se, a sample of ZnS was subjected to electrolysis 
between a copper electrode (anode) and a tagged silver electrode (cathode). The 
resultant product was separated into nine fractions starting from the anode. The 


first six fractions yielded a bright green electroluminescence peaking at 5200 


A. The luminescence of the ninth fraction was blue-green with a peak at 4850 A. 
The activity distribution was the following: 


Fraction: ISoveroker 3 9 AG MMR BY Vp Aig Mame) nik ab Cathode 
Activity, 
pulses/min = - 3 Se A ee ee 20 vik aiegyy etsy. 10630 


For the same purpose we also performed another experiment in which we heat- 


ed two tubes with copper electrodes only one pair of which was connected to a dc 
source. Whereas the product obtained with electrolysis yielded bright green 


se. * lillian sail 


electroluminescence, the nonelectrolyzed material virtually did not luminesce,. 
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We felt it would be of interest to test this procedure for the purpose of 
"purifying" the initial product. To this end we subjected copper activated ZnS 
to electrolysis with nickel electrodes. The color of the resultant powder was 
bright yellow at the anode and shaded to white at the cathode. Weak photolumi- 
nescence was observed only for the last two of the four separated fractions. None 
of the fractions exhibited electroluminescence. After tests for photo- and elec- 
troluminescence, the phosphor was again loaded into a tube and subjected to elec- 
trolysis with copper electrodes. The initial appearance of the powder was re- 
stored as was its electroluminescence. 

In view of the results of this experiment, we prepared a batch of ZnS with- 
out taking any particular precautions with regard to purity and subjected it to 
electrolysis. At the same time we heated a control tube with the same ZnS and 
copper plates. The phosphor from the first tube had a brightness equal to that 
of the best ZnS:Cu electroluminophors, while the brightness of the phosphor from 
the second tube was at least one order of magnitude lower. 

Analysis of the results obtained in the above described experiments led us 
to think that the role of electrolysis is not limited merely to more rapid trans- 
fer of the activating element. We believe that the passage of current results in 
the formation of some type of inclusions or produces other changes in the phos- 
phor favoring electroluminescence. In order to check this we determined the con- 
centration of silver in electrolytically prepared znS:Ag* phosphors (from their 
radioactivity) , which proved to be 1074 g Ag/g ZnS, and prepared a batch of ZnS: 
:AgNO3 with the same silver concentration. This batch was subjected to heating 
under the same conditions as used for preparing the electrolyzed phosphor, but 
without passage of current. Both phosphors exhibited bright blue photolumines- 
cence. The phosphor prepared by heating only showed no electroluminescence, 
whereas the phosphor obtained by electrolysis exhibited electroluminescence char- 
acterized by the following data: 


Voltage, v 300 400 500 600 700 900 
Brightness, 
arbitrary units 2 5.9 9.9 L3 24 48 


Thus the described electrolysis procedure undoubtedly has potentialities for 
the preparation of electroluminophors. 


Chair of General Physics, 
"V.I.Lenin'" Central Asian State University 
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EFFECT OF ULTRAVIOLET IRRADIATION ON THE LUMINESCENCE CHARACTERISTICS 
OF AN ELECTROLUMINOPHOR 
- I.P.Shapiro & N.I.Kuznetsov 


Vinokurov & Fok! showed that the effects of photo- and electroexcitation are 
in general not additive: in some cases the integral luminescence brightness under 
combined excitation may be greater than the sum of the brightnesses for both forms 
of excitation (positive nonadditivity) , while in other cases the integral lumines- 
cence may be lower (negative nonadditivity). At a certain relation between the 
photo- and electroexcitations one can obtain precise additivity. In view of the 
fact that there may exist a number of processes that can lead to nonadditivity of 
photo- and electroexcitation, we undertook experiments aimed at determining the 
effect of the combined influence of ultraviolet irradiation and an electric field 
on ZnS:Cu phosphor under different conditions. 


Experimental procedure and results* 


Fine-grain, green-emitting ZnS:Cu electroluminophor, suspended in liquid 
melamine formaldehyde resin, was sandwiched between a glass and a quartz plate; 
the internal surfaces of the plates were covered with a thin transparent layer of 
Sn0O5. The assembled capacitor was irradiated from the quartz plate side with UV 
radiation from a PRK-4 tube operated from a rectifier with a ripple filter. The 
radiation emitted by the phosphor was 


I; Be j 
Oe detected by an FEU-19 photomultiplier 


Pes coupled to an oscillograph. 
e [ 6 In investigating the electrolumi- 
a nescence we observed both positive and 
190 negative nonadditivity under the influ- 
ence of photo- and electroexcitation. 
130 The results of our investigation show 
that with increase of the UV intensity, 
50° the transition from negative to posi- 
70 Z tive nonadditivity occurs at increasing- 
ly higher field values. 
: f0 d It also follows from the experi- 
100 160 220 280 400 160 220 —-260 mental results that the sign of the non- 
Viv Yai¥, additivity depends on the temperature 
Electroluminescence and photolumines- of the phosphor. 
cence of ZnS:Cu phosphor at different The variation of the electrolumi- 
temperatures. nescence brightness as a function of 


the applied field at -20° and +50° is 

shown in the accompanying figure. Curve a in each case corresponds to pure elec- 
troluminescence (excitation by an ac field only); curve b represents the sum of 
the brightnesses of electroluminescence and photoluminescence; curve c represents 
combined electrophotoluminescence, i.e., the luminescence under the joint influence 
of ultraviolet and an ac field; line d characterizes the luminescence intensity of 
the phosphor under the influence of ultraviolet alone. 

*N.Pesenko, student at the Belorussian State University, participated in the 
experimental part of the work. 
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It will be evident from the figure that decrease of the phosphor temperature 
leads to the appearance of negative nonadditivity. 

One of the significant characteristics of electroluminophors is the frequen-. 
cy dependence of electroluminescence brightness. The brightness is a function of 
not only the amplitude of the applied field but also of the phosphor temperature. 
Experiments show that the frequency dependence of the luminescence brightness at 
20° is characterized by positive nonadditivity. 

At -20° the variation of electroluminescence brightness with the frequency 
of the applied voltage is characterized mainly by negative nonadditivity; precise 
additivity in this case is observed at low frequencies (up to 300 cps). 

Thus we come to the conclusion that increase of the phosphor temperature 
leads to positive nonadditivity, while reduction of the temperature results in 
negative nonadditivity of the effects of photo- and electroexcitation. 

We also obtained experimental data on the effect of auxiliary UV irradiation 
on the magnitude and shape of the brightness waves. The experimental results show 
that auxiliary UV irradiation changes the character of the brightness waves pro- 
duced in excitation of the phosphor by pulses of different shape. 

We desire to thank M.V.Fok for this interest in the work and valuable sug- 
gestions. 
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INVESTIGATION OF THE ELECTROLUMINESCENCE OF SOME PHOSPHORS WITH EXCITATION 
BY UNIPOLAR PULSES 
- V.L.Rabotkin & V.A.Sokolov 


In the present work we investigated the shape of the electroluminescence 
brightness waves of ZnS:Mn and ZnS:Cu:Pb phosphors excited by unipolar sine pulses 
and de voltage. The luminescence was detected by an FEU-19M photomultiplier con- 
nected via a dc amplifier to the input of an MPO-2 oscillograph. 

The ZnS:Mn phosphor specimens were prepared by heating batches containing 1lu- 
minescence pure ZnS with appropriate amounts of MnClo in glass tubes for 30 min at 
1200°. The concentrations of metallic Mn in the batch were 1078, 1072 and 10-1 
g/g. Under ultraviolet stimulation (3600 A) the first phosphor had an intense 
blue band, the second a blue and orange band, and the third an intense orange band 
Under excitation by an electric field (pulse and dc) there was evinced only the 
orange band, the brightest luminescence being observed in the vicinity of the cath 
ode. The shape of the brightness waves is shown in Fig.l (a & c). In the first 
case there was a cellophane film liner between the cathode and the castor oil sus- 
pension of the phosphor; in the second case the solid dielectric liner was a sheet 
of mica. Thus the second peak in the brightness wave can be explained by the ef- 
fect of polarization of the dielectric by the field. Fig.l also shows how the 
luminescence brightness of the capacitor cell with a cellophane liner (b) and a 
mica liner (d) changes with change of the polarity of the exciting pulses from 
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negative to positive (relative 
to the transparent electrode). 
It will be evident from Fig.1,b 
that in the case of the cello- 
phane liner the luminescence is 
almost completely quenched. 
Fig.1,d shows the behavior of 
both peaks: the second polariza- 
tion peak appears gradually. 

The shape of the bright- 
ness wave of ZnS:Cu:Pb phosphor 
is shown in Fig.2 and is remini- 
scent of the shape of the bright- 
ness wave of ZnS:Mn reproduced 
in Fig.l,c. The shape of the 
brightness wave changes little 
with different solid dielectrics 
between the castor oil suspen- 
sion and the cathode, but does 
change substantially with change 


a rb ie Ce Weta 


é f\ Fig.2. Brightness waves of ZnS:Cu:Pb phosphor at 
different temperatures. 


j oe Sey of temperature. The oscillogram of Fig.2,a was re- 
to corded at 25°; for each of the succeeding oscillo- 
eS 7 oe ee \ grams b through f the temperature was increased 50S. 
aR a RTD Interesting is the presence of two low peaks which 

disappear with increase of temperature (Fig.2,b-f) 
and with change of the duty factor without change of the pulse height and duration 
(Pige2;2)) 

If the solid dielectric liner is removed (leaving the phosphor suspended in 
castor oil) or if one changes the distance between electrodes (or the specific 
volume of the phosphor as compared with the case of the dielectric layer present) , 
the relation between the heights of the principal peaks changes. This also oc- 
curs if the castor oil is replaced by a less viscous dielectric and if the ampli- 


tude of the exciting pulses is increased. 
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Analysis of the experimental data leads to the following conclusions: 

1. The mechanism of excitation of electroluminescence of ZnS:Mn and ZnS:Cu: Pb 
phosphors differs, presumably owing to the different dielectric properties of the. 

hor grains. 
eae sii shape of the brightness wave of ZnS:Cu:Pb phosphor is determined to 
some extent by the ability of the grains of this phosphor to form Eee extend- 
ing from one electrode to the other under the influence of the applied field; 
these "chains" persist when the field is removed and are responsible for the abili 
ty of this phosphor to luminesce in a de field. 

We desire to than Z.A.Trapeznikova for supplying the ZnS:Cu:Pb phosphor. 


SOME RESULTS OF AN INVESTIGATION OF THE DETERIORATION OF PHOSPHORS 
DURING ELECTROLUMINESCENCE 
- N.N.Grigor'ev & Yu.A.Kulyupin 


We investigated the process of deterioration of ZnS°*Zn0:Cu:A1:Cl phosphor 
in the course of electroluminescence. The phosphor, suspended in silicone oil, 
was contained in a capacitor, which had provision for changing the position of 
the phosphor particles without disturbing the conditions of excitation and ob- 
servation. This insured strong deterioration of the phosphor in an appreciable 
volume of each crystal, which was accompanied by significant decrease in the 
electroluminescence brightness. The photoluminescence brightness remained un- 
changed, although the expected decrease in brightness should have amounted to 
~22%. This value was obtained on the assumption that strong deterioration oc- 
curs in about 5% the volume of an individual crystal during each half-cycle of 
the field (the ~5% figure is not an excessive estimate for the conditions of our 
experiment). Thus it may be concluded that the photoluminescence properties of 
a phosphor deteriorating under electroluminescence remain unchanged. 

The increase in the relative intensity of the green band as compared with 
the blue, observed in the process of deterioration, gives reason to assume that 
the damage occurs in the phosphor itself, rather than in the surrounding dielec- 
tric. The fact that the electroluminescence brightness is partially restored 
when the position of the particles is changed indicates that the damage is local 
in character. Apparently, the deterioration occurs in regions of concentration 
of positive space charge, produced in the crystal under the influence of the ap- 
plied field. The decrease in electroluminescence brightness can be explained by 
broadening or diffusion of the space charge region, leading to decrease in the 
space charge density and thus reduction of the internal field in the crystal. 

On the assumption of such diffusion of the space charge one can also explain 
the observed changes in the frequency characteristics and voltage dependence of 
the brightness occurring in a deteriorating phosphor. This change in the extent 
of the space charge region should also produce changes in the shape of the elec- 
troluminescence brightness waves. Our experimentally observed increase in the 
ratio of the varying component of the brightness wave to the constant component 
and the increase in the height of the additional brightness wave peak relative 
to the height of the principal peak are consistent with our hypothesis. This 
hypothesis is not in conflict with some difference between the behavior of the 
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blue and green electroluminescence brightness waves, 
of the phosphor in the process of deterioration. 

At present, the reason for diffusion of the positive space charge region is 
obscure; probably it is connected with the appearance of new defects in the crys- 
tal, defects containing trapping levels substantially deeper than were present 
in the crystal prior to damage. This follows from the observed increase of the 
photoluminescence light sum stored in a phosphor that has been forced to electro- 
luminescence for some time as compared with a fresh undeteriorated phosphor. 


leading to gradual "greening" 


USE OF ELECTROLUMINESCENCE FOR CHARACTER INDICATORS 
- F.V.Sorkin, A.P.Belyaeva & N.S.Borodin 


The high luminance of new electroluminophors makes it possible to utilize the 
phenomenon of electroluminescence for electroluminescent (EL) character indicators, 
which may be used as output units for computers, display panels in conjunction 
with various electronic devices that give figure indications, etc. 

In our development work on EL indicators we used green luminescing GIPKh phos- 
phor with the following composition: ZnS:Cu(0.2%):A1(0.05%). 


1. Design development 


The usual EL character indicator is a flat screen or panel (capacitor), one 
electrode of which is a transparent conducting coating of Sn0o and the other elec- 
trode is metallic, made in the form of a number of strips (segments), formed by 
thermal evaporation of Al or Ag under vacuum through a suitable templet. The indi- 
vidual panels are lighted-up by applying a voltage to the common (transparent) 
electrode and the appropriate segment. 

In order to enhance the serviceability of indicators we proposed the following 
new method of preparing the metallic electrode: vacuum sputtering of a thin layer 
of copper on the EL coating, electroplating upon this a thicker (10-15 yw) copper 
layer and subsequent use of appropriate printed circuit techniques for forming the 
connections. 

EL indicators fabricated in this manner have rugged metallic electrodes of 
electroplated copper to which the voltage carrying leads are attached by soldering, 
which is particularly convenient for subsequent hermetic sealing of the element. 

The above described procedure can also be used for preparing electrolumines- 
cent matrix and mosaic screens and other EL devices. 

Life tests showed that the proposed technology does not impair the aging 
characteristics of the EL elements (Fig.1,d). 


2. Increase of the character contrast 


The basic criterion for distinguishability of symbols on an EL indicator is 
the contrast characterized by K = (Bg - By) /Bp, where Bc is the brightness of the 
character and Bp is the brightness of the background. 

The causes of contrast-reducing background luminance are halos and external 
illumination. The best results as regards reduction of contrast are obtained by 
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Fig.1. Aging characteristics of EL elements: a - at different excitation frequen- 

cies (E = 2.5°104 v/em); b - different potential gradients (f = 3 kc); ¢ - differ- 

ent ambient humidities (V = 250 v, f = 1 kc); d - vacuum sputtered electrode (1) 
and hermetically sealed electrode of electroplated copper (2). 


reducing the reflection factor p of the indicator panel. Calculations show that 
with a constant level of external illumination the contrast increases rapidly with 
decrease of p. 

EL indicators with a low reflection factor have a thin (25-30 yp), almost 
transparent electroluminophor layer (phosphor suspension in plastic), covered 
with an absorbing plastic layer colored with nigrosine (aniline black). The use 
of sublimate phosphors appears to be promising for such indicators. 

The advantage of the above described procedure for increasing contrast over 
the use of light filters is that, in addition to reducing the background bright- 
ness produced by external illumination, this procedure completely suppresses halos 

Character indicators of this type (Fig.2) can be used at high levels of ex- 
ternal illumination (200 to 500 lux). 


Fig.2. Appearance of EL indicators with white and black backing layers at differ- 
ent levels of external illumination: a - 10 lux, b - 200 lux. 
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3. Service life tests 


For evaluating the service life of EL indicators we carried out aging tests 


on luminophors in solid dielectrics (Epoxy EP-096). 


It was found that prolonged storage of unsealed elements under room condi- 
tions leads to some decrease of the initial brightness. Over a period of 8 months 
Storage the brightness of the electroluminescent elements fell off by an average 
of 15-20%. 

We also investigated the aging of EL elements as a function of the frequency; 
the aging curves obtained at frequencies of 1, 3 and 8 ke are shown in Fig.l,a. 

It will be evident that the excitation frequency is not a significant factor. 

Fig.1,b gives the aging characteristics for EL elements operated at differ- 
ent potential gradients. It will be seen that a two-fold increase of the operat- 
ing voltage has a more deleterious effect on the deterioration in brightness than 
a two-fold increase of frequency. 

In order to determine the influence of moisture, we investigated the aging 
characteristics of elements operated in vacuum and in an atmosphere with 98% rela- 
tive humidity. It was found that if no voltage is applied to the element, exposure 
to 98% humidity air for a period of 48 hours does not result in any significant 
decrease of the initial luminance. Under voltage, however, the decrease in bright- 
ness with time in an atmosphere of high humidity is more rapid than in vacuo (Fig. 
1,c). Moreover, under conditions of high humidity the material darkens rapidly 


and its electric strength deteriorates. 


The results of the present experiments substantiate the data reported earlier 
by one of us! and by other authors2,3 to the effect that moisture plays a very im- 
portant role in the process of aging. The rapid decrease in luminance can be ex- 
plained by electrochemical alteration of the luminophor under the influence of the 
electric field in the presence of moisture. 

Our experiments proved the importance of hermetic sealing of EL indicators 
for enhancing their service life. The requisite protection can be provided by 
covering the EL indicators on the luminescent layer side with epoxy compound. 


The aging characteristics of elements protected in this manner are shown in Fig. 


21 od. 
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MEASUREMENT OF LOSSES IN AN ELECTROLUMINESCENT CAPACITOR 
- E,.E.Bukke 


Measurement of the energy output or efficiency of electroluminescence is of 
interest both from the practical standpoint and for better understanding of this 
effect. To determine the efficiency one must measure two quantities, namely, the. 
energy emitted by the phosphor and the energy absorbed by it. The energy emitted 
by an electroluminescent capacitor (EC) can be measured using the same procedures 
as those employed in studying photoexcitation. Measurement of the absorbed ener- 
gy amounts to measuring the power loss in the EC. 

Many methods have been developed for measuring the loss in capacitors and the 
instrument building industry produces a number of fairly sensitive instruments. 
However, these instruments are, in general, not suitable for measuring the loss 
in electroluminescent capacitors in view of the fact that owing to nonlinear ef- 
fects in the electroluminophor the shape of the current curve (with a sinusoidal 
voltage applied to the EC) differs substantially from a sine curve. 

The best instrument for measuring the loss in an EC would be a dynamic watt- 
meter, in which, as is known, the deflecting force is proportional to the product 
of the currents in the moveable and stationary coils. The instruments of this 
type produced by our industry, however, are not sufficiently sensitive for carry- 
ing out measurements with small EC of the type commonly used in laboratory experi- 
ments. Moreover, the commercial instruments usually cannot be employed at frequen 
cies above 100 cps. 

We built and tested a dynamic wattmeter 
free of these shortcomings; this is diagram- 
med in the accompanying figure. In order to 
enhance the sensitivity of the instrument we 
used a suspension system similar to that em- 
ployed in mirror galvanometers. The station- 
ary coil (through which there flows a current 

yf proportional to the voltage applied to the EC) 
ead ) v is made fairly large (3200 turns of 0.31 mm 

iP diameter wire) so that, using an amplifier, 
one can feed in an appreciable power (up to 
50 watt).* To improve the magnetic character- 
istics, the core is made of a ferrite ring 100 
mm in diameter. 

In order to extend the frequency range, 
the moveable coil consists of only two turns 
Diagram of wattmeter: 1) ferrite and has a low inductance (0.3 uh). Up toa 
core, 2) stationary coil, 3) move- frequency of 200 ke there is no significant 
able coil, 4) oil bath, 5) damping phase shift in the circuit of this coil if it 
yoke, 6) suspension. is connected in series with a 500 ohm resist- 

ance. The phase difference between the cur- 
rent and voltage in the stationary coil is compensated by a phase shifter. 

The natural oscillation period of the moveable System (in air) is ~2 sec. 

The system is damped by means of a yoke attached to the moveable coil; the two 

ends of the yoke are bent downward and immersed in an oil bath. 

os apa Dee cats en ned of the instrument are the following. Ata pow- 
. e circuit of the stationary coil the sensitivity of the 


The winding of this coil is sectioned so that its impedance can be matched 
with the input impedance of the amplifier at any working frequency. 


= 921 = 


instrument allows of measuring a current of 1076 amp in the moveable coil (ac- 
vordingly, at a power of 25 watt the measureable current is 1077 amp). This pro- 
rides for a thousand-fold reserve of sensitivity in measuring the loss in an EC 
vith an area of 4 cm’, operating under optimum conditions. The frequency range 
in which the instrument does not introduce any noticeable distortion (up to the 
third current harmonic) extends from 50 cps to 50 kc. 


INVESTIGATION OF THE LUMINESCENCE OF CdS SINGLE CRYSTALS AT LOW TEMPERATURES 
- E.F.Gross & M.A.Yakobson 


It has been noted in our earlier publications!,2,5 and in the work of other 
authors3,4 that in the spectrum of CdS single crystals at 4.2°K there is observed 
in the vicinity of the absorption edge a complex absorption and emission structure 
consisting of narrow lines and bands of different intensity. It was also estab- 
lished® that the frequencies, intensities and number of lines in the 4889 to 4860 
A region vary from crystal to crystal. In contrast, the bands in the 4853 to 4800 
A region, which are characterized by a high absorption coefficient, are stable. 

In general, one can distinguish two regions in the luminescence of CdS crys- 
tals: a long wavelength region extending from 5100 to 4860 A (blue luminescence) , 
which has been investigated by many authors3-5,7, and a short wavelength region 
(\. = 4853 to 4800 A), which was observed? at 77.3°K. As noted earlier2,5 some of 
the luminescence lines are in resonance with absorption lines: the luminescence 
lines are generally shifted to the long wavelength side by approximately the line 
width (1-2 A). 

Recently we investigated the short wavelength group of luminescence lines 
corresponding to the short wavelength absorption of CdS single crystals at 4.2K. 
A spectrogram of the luminescence of a CdS crystal is reproduced in the accompany- 
ing photograph. It will be seen that the short wavelength bands (A = 4788, 4824 
and 4852 A) are relatively weak owing to reabsorption. With these short wavelength 
bands, if one considers them to be head bands, one can associate satellites ata 
distance of 300 em}; these satellites do not enter into the vibrational series 
identified in the long wavelength luminescence. °»? 

We undertook experiments aimed at determining the nature of the defects re- 
sponsible for the long wavelength group of luminescence lines. To this end we ex- 
posed CdS crystals to S and Cd vapor. It was found that as a result of treatment 
in S vapor the long wavelength luminescence and absorption disappear completely, 
while after treatment in Cd vapor the absorption and luminescence spectra remain 
virtually unaltered. In view of the fact that normally CdS crystals grow with an 
excess of Cd, it may be inferred on the basis of the above experimental results 
that the absorption and luminescence are connected with a deficiency of S, so that 
treatment in sulfur vapor "improves" the stoichiometry of the crystal, which leads 
to annihilation of the centers responsible for the long wavelength luminescence. 
This is substantiated by the partial restoration of the luminescence and absorp- 
tion as a result of heating S-vapor-treated crystals in CdS vapor. 

The following deductions may be drawn on the basis of the described experi- 


mental results. 
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Luminescence spectrum of CdS single crystal 


The short wavelength luminescence lines (and the corresponding absorption 
bands) can be attributed to exciton annihilation (creation) in the crystal lat- 
tice under the influence of incident light. 

The origin of the long wavelength blue luminescence can be connected with 
the presence of defects (cf. Refs.5 & 7) in the crystal lattice. The fact that 
the long wavelength luminescence lines are not distant from the short wavelength 
lines gives reason to hypothesize that the defects here are evinced by influence 
on the exciton levels, i.e., the transitions responsible for the long wavelength 
emission may be regarded as occurring in the lattice itself close to different 
defects. 

Accordingly, we feel justified in advancing the hypothesis that the group of 
long wavelength lines in both the absorption and blue luminescence spectrum of 
CdS single crystals is associated with excitation and emission of ortho-excitons 
forming in excitation with light under the influence of the perturbing action of 
defects. The short wavelength group of lines, both in the absorption and in the 
luminescence, must then be associated with para-excitons. 


Physical-Technical Institute, 
Academy of Sciences of the USSR 
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ey ESTIGATION OF THE ABSORPTION AND LUMINESCENCE OF ZnS AND ZnSe SINGLE CRYSTALS 
- E.F.Gross & L.G.Suslina 


; Continuing the program of research on the optical and photoelectrical proper- 
ties of nonactivated sulfide and selsnide crystals undertaken in our laboratory, 
we investigated the absorption, reflection and luminescence spectra of ZnS and 
ZnSe single crystals in the vicinity of the fundamental long wavelength absorption 
edge at liquid helium temperature. 

The ZnS and ZnSe crystals were obtained in the form of plates by sublimation 
of the powders in an atmosphere of neutral gas. These crystals are hexagonal with 
the sixth-order symmetry axis in the plane of the plate. The maximum dimensions 
of the crystals were 25 x 5 x 0.1 mm in the case of ZnS, and 7 x 1.6 x 0.1 mm in 
the case of ZnSe. 


The spectra were recorded photographically in polarized light using specimens 
of different thickness. 

The spectrograms disclose that the long wavelength absorption edges of ZnS and 
ZnSe crystals have a complex structure; at T = 4.2°K there are evinced several in- 
tense narrow polarized absorption lines. Near the absorption edges of both crystals 
there is observed line luminescence, the shorter wavelength lines of which coincide 

in frequency with the longer wave- 


S ek length absorption lines. The po- 
S Wis sitions of the centers of the ab- 
Absorption} ‘ on sorption and luminescence lines 
Z S 2 * 
i eee ae oar 3000 A and the polarization of the lines 


in the spectra of ZnS and ZnSe 
are shown in the accompanying fig- 
? ure. 
pS There is evident a consider- 
able similarity between the spec- 
tra of the isomorphous ZnS and 
ZnSe crystals as regards relative 
position, polarization and width 
Location and polarization of the absorption and of the lines. In view of the 
luminescence bands in the spectra of ZnS and location of the lines at the ab- 
ZnSe crystals. sorption edge, their stability, 
and appreciable absorption coef- 
ficient (~104-105 em~1) , we infer that the observed features are due to absorption 
in the lattice of the host, i.e., to production of excitons. 
The luminescence spectrum of ZnS was obtained at 77.3°K for fine crystalline 
powders. 
In the luminescence spectra of ZnSe single crystals at 4,2°K we observed an 
intense line structure, which includes a group of equidistant bands, reminiscent 
of the band group observed in the spectra of a number of oxide and sulfide crystals. 
The separation between the equidistant bands € 260 cm71) agrees in order of magni- 
tude with the vibrational energy of the ZnS lattice. 
In view of the resonance coincidence of the short wavelength luminescence 
lines of ZnS and ZnSe with the long wavelength absorption lines it may be inferred 
that the line emission of these crystals is due to radiative annihilation of exci- 
tons in the crystal lattice. 


Luminescence 


: 
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CONCERNING INTERACTION OF THE ACTIVATOR WITH NOT FULLY SYMMETRICAL 


LOCAL VIBRATIONS 
- N.N.Kristofel' 


Luminescence centers in alkali halide phosphors may be regarded as quasi- 
molecules in the crystal. Investigation! showed that in nondegenerate electronic 
states the activator interacts only with fully symmetrical local vibrations, while 
in orbitally degenerate states it also interacts with certain not fully symmetri- 
cal vibrations. This leads to reduction of the symmetry of the center and removal 
of the degeneracy (analog of the so-called Jahn-Teller effect”). 

To take into account the interaction of the activator with not fully symmetri 
cal vibrations we used perturbation theory, separating out the corresponding line- 
ar term of the expansion and linear coordinates of the electronic energy operator 
in the adiabatic approximation. Numerical calculations were carried out for the 
3P, state of the luminescence center in KC1:Tl, taking into account the shift only 
of nearest neighbors of the activator. 

The frequencies of the local vibrations were calculated by means of the pro- 
cedure outlined in Ref.1, where we give the one-oscillator calculation. The fre- 
quencies of the "transverse’ vibrations, in contrast to the frequencies of the 
"longitudinal" vibrations, increase as a result of excitation of Tl+. Using the 
criterion of Opik & Prvcess we showed that the minimum adiabatic potential corre- 
sponds to vibrations of HE, symmetry (normal coordinates y, and yz) and the symme- 
try of the center is reduced to D,,. There are three similar equilibrium configu- 
rations, which differ as regards the direction of the fourth order symmetry axis, 
along which the "dumbbell" of the 6p function of T1+ is directed. Along this axis 
the Cl~ ions move away from T1t byzOeLTo A, while in the perpendicular directions 
the C1l~™ ions approach the T1* ion by 0.055 A. In the equilibrium configuration 
there is present one nondegenerate and one twice degenerate level with relative 
energies of -0.065 and 0.13 ev, respectively. This splitting is less than the 
multiplet splitting. At the point y= y2= 0, corresponding to the equilibrium 
ground state configuration, all three ''sheets'' have a common value equal to zero. 

The magnitude of the Jahn-Teller effect depends on the electronic radius of 
the center; at first with increase of the radius the effect increases, but then 
begins to decrease. The Jahn-Teller effect is apparently absent in the case of 
centers of large radius, interacting with vibrations of the crystal. 

The results of the present calculation allow of explaining the low tempera- 
ture polarization of the *P, —1So radiation in KC1:Tl, observed by Klick & Comp- 
ton*. At low temperatures an excited center may be in one of three equilibrium 
configurations of D,, symmetry. With increase of the temperature there begin to 
occur nonradiative transitions between these configurations"; the polarization 
must disappear when the transition probability becomes greater than 1/Topt» inas- 
much as this leads to loss of anisotropy. ee height of the energy barrier equals 
0.065 ev, which gives a correct evaluation for the temperature of disappearance 
of polarization, namely, ~73°K. Thus the polarization of the radiation from im- 
purity centers may be vibrational in character. 
we Fe Ma LCN, Satan dibacraenebebas of the Jahn-Teller effect, there 
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Calculations show that the attempt of Kamimura & Sugano°® to explain on the 
basis of the Jahn-Teller effect the presence of two emission bands at 3050 and 
4750 A for the °P, state in KC1:Tl is not justified. 


Using the adiabatic potentials in the one-oscillator approximation obtained 
in Ref.1 (in ev and A), 


T (489) = 18.0 (q¢ — 0.093)? 
I (®Py) = 4.34 + 11.4(g + 0.065)? 


and 


and the results of the present work, we calculated the spectral characteristics 

of the 18,<>%P,; bands in KC1:Tl taking into account the not fully symmetrical vi- 
brations (in ev - see table). These make a contribution of ~18% to the Stokes 
losses (E*—E!) and ~10% to the half-widths 6 so that it is evident that in alka- 
li halide phosphors of the given type the activator interacts much more strongly 
with the fully symmetrical local vibrations. This explains the good applicability 
of the one-oscillator approximation, which, however, may prove to be inadequate 
in considering finer effects. 

In investigating the effect of hydrostatic pressure® in the framework of the 
quasimolecular model it is not necessary to take into account the not fully sym- 
metrical vibrations inasmuch as their effect does not lead to any significant 
change in equilibrium values of the corresponding vibration coordinates. 

I desire to express my deep gratitude to M.I.Petrashen' and K.K.Rebane for 
many valuable suggestions. 
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CONTRIBUTION TO THE THEORY OF ELECTRONIC-VIBRATIONAL TRANSITIONS 


IN CRYSTALS AND MOLECULES 
- K.K.Rebane & O.I.Sil'd 


We deduced the following formula for the /-th moment of the transition proba- 

bility distribution in an arbitrary quantum system: 
l 
Si= Y(—17(5) | (Pen) Air? PAP Y, de; (1) 
p=0 7 re 

here P is the operator of the perturbation producing the transition, H,; and //11 
are the Hamiltonians of the initial and final states, respectively, and VY, is the 
wave function of the initial state. From Eq.(1) one can obtain results for dif- 
ferent specific systems, in particular, for atoms, molecules and crystals. 

Application of Eq.(1) in the dipole approximation (P == D, where Dis the pro- 
jection of the dipole moment of the system on the direction of the electric vector 
of the light wave) to an atom leads with /= 1, to the familiar theorem on the sum 
of the oscillator strengths!, while with /= 2, 3 and 4 it leads to the sum rules 


established by Vinti2. Rejecting the dipole approximation (P = Djexp(ikr,) =" , 

8) p 
where k is the wave vector of the photon and r, is the radius vector of the p-th 
electron) , we obtain formulas generalizing the above mentioned familiar results. 

In considering a molecule or luminescence center in a crystal, we introduce 
the adiabatic approximation. Then Eq.(1) for an electronic-vibrational transi- 
tion from state 7 to state n’ becomes 


l 
51 = Sy (= 1)? ()\ Pra Man (R) Bay? Man (R) AR QnA R; (2) 
p=0 
here Qn. is the vibrational wave function number 2 in the electronic state n, 
Mynn(R) is the electronic matrix element of the n->n' transition, which depends 
on the nuclear coordinates R, ie. and H,, are the Hamiltonians describing the vi- 
brations of the nuclei in states n and n’, respectively. 

After averaging (2) over vibrational states a of the initial electronic 
state, we obtain (for n-=n’) a formula agreeing with the result of Lax®, 

By means of this formula, which is fundamental to description of the contours 
of electronic-vibrational bands by the method of moments, in collaboration with 
Purga & Khizhnyakov‘, we carried out a number of calculations for different models 
of the vibrating system: a luminescence center in a crystal or molecule. Choice 
of the model is tantamount to specifying the adiabatic potentials and the vibrat- 
ing masses in both electronic states of the system. 

There were calculated (in the Condon approximation, and also for linear and 
exponential dependences of the electronic matrix element on the nuclear coordin- 
ates) the first four moments of the spectral bands of the system, the vibrations 
of which in the initial electronic state are described by quasi-independent norma] 
vibrations. Subsequently, using the method of effective curvature®, we also took 
into consideration the anharmonicity of the vibrations in the final electronic 
state. The calculations reduced to transformation of expression (2) to an inte- 
gral containing the quantum mechanical coordinate distribution function. As a re- 
sult there were obtained simple integrals of the Poisson type. 

The deduced quantum mechanical formulas for the moments enabled us to carry 
out a detailed comparison of the many-coordinate and quansimolecular models. 

For one oscillator there was also carried out a calculation taking into ac- 
count the anharmonicity of the vibrations in the initial state. In this case the 
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problem was solved by the method of moments in the energy representation. * 

We carried out a general investigation of the effect of hydrostatic pressure 
on the spectrum bands of crystal phosphors. © 

Detailed comparison of the theoretical results with experiment requires sub- 
stantial increase in the accuracy of experimental determination of band contours. 
quantum mechanical and certain other effects are evinced the more clearly, the 
lower the Stokes losses expressed in the terms of the number of vibrational quanta, 
fence from the standpoint of detailed comparison with theory it is, apparently, 
promising to investigate rare earth activated alkali halide crystals of small 
atomic weight, i.e., systems of the NaCl:Eu type. ? 
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’ CONTRIBUTION TO THE THEORY OF LUMINESCENCE OF ACTIVATED PHOSPHORS 
- A.M.Ratner & G.E.Zil'berman 


Pekar & Krivoglazi-3 calculated the optical characteristics of impurity lumi- 
nescence centers and the probability for thermal transitions on the assumption of 
conservation (invariance) of the elastic constants of the lattice incident to the 
electronic transition. In the case of strong coupling of the impurity atom elec- 
trons, this assumption is usually not fulfilled, as is evinced by deviation from 
the law of mirror symmetry. 

In earlier contributions4~? the writers calculated the shape of the absorp- 
tion and luminescence bands of impurity centers and the probability of thermal 
(nonradiative) transitions, taking into account change of the elastic constants 
of the lattice incident to the electron transition. 

In the classical case (kATS>hop, where wp is the Debye frequency of the crys- 
tal), for calculating the optical characteristics there are introduced the varia- 
bles g; in terms of which the expressions for the potential energy of the lattice 
in the ground and excited electronic states are simultaneously brought to diagonal 


form: N N 
1 Tr 1 1 s 2 
Uy=5D Kg? U,= EO += > Ki (i — Goi)? 


—1 i=1 


oo pk 
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(VN is the number of degrees of freedom of the crystal lattice; the variables 4; 
are not its normal coordinates). 

It can be shown that in the case of strong coupling (when incident to the 
electronic transition there is a change in the interaction only between the im- 
purity atom and its nearest neighbors) only the first Mvariables q; are nonzero 


and : , 
0; = (A; — Ki) /K;, 


where Mis of the order of a few units. 

The quantities K,, K, and q.« (« =1,...,M) are determined directly by the in- 
teraction of the impurity atom with its nearest neighbors; the optical character- 
istics of the impurity luminescence centers and the probability for thermal transi 
tions are expressed in terms of these quantities. Change of the elastic constants 
of the lattice incident to the electronic transition leads to disturbance of mir- 
ror symmetry and to deviation of the absorption and luminescence bands from the 
Gaussian shape. Change of the elastic constants incident to the transition has 
a very substantial effect on the thermal transition probability (the probability 
for thermal transitions from the excited state to the ground state increases 
greatly if for some a K,< K,). 

For calculation of the optical characteristics, when treating the ion motion 
from the quantum mechanical standpoint, it is essential to use normal lattice co- 
ordinates, which do not coincide for different electronic states for the impurity 
atom. However, in the quantum mechanical case the results are greatly simplified 
if they are expressed in terms of the variables Kee K,jand qozx used in the classi- 


cal case. It is found that at temperatures kT >= hop (usually of the order of 


10-20°K) , as in the classical case, the optical characteristics are expressed in 

terms of the elastic constants of interaction of the impurity atom with the near- 
est neighbors, and are not directly connected with the vibrational motion of the 

crystal lattice. In particular, local lattice vibrations do not affect the shape 
of the absorption and luminescence bands. At lower temperatures the law of dis- 

persion of normal vibrations (corresponding to an ideal lattice) becomes signifi- 
cant. 
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DISCUSSION 


K.K.Rebane (regarding the report of Ratner & Zil'berman): The idea of Ratner 
and Zil'berman to consider displacements rather than local normal oscillations is 
correct; we used the same approach. Displacements of the nearest neighbors should 
occur in the case of centers of small radius, and this is sufficient for appear- 
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pece of a different half-width of the absorption and luminescence bands. Local 
vibrations cannot be involved. However, in considering not normal vibrations but 
displacements, the entire difficulty shifts to the statistical part of the prob- 
lem. I did not quite understand how the averaging was carried out, when there 
were not introduced normal vibrations even in the classical case. In our work 
there are given in explicit form the formulas derived as a result of quantum me- 
chanical calculations taking into account mixing of the normal vibrations, which 
may occur at all temperatures. It would be expedient to check on the basis of 
these formulas the deductions of the authors regarding the insignificant role of 


local vibrations. There must be cases when local vibrations play a substantial 
role. 


LUMINESCENCE OF COPPER-ACTIVATED GLASSES 
- G.O.Karapetyan 


Copper is one of the most common activators of crystal phosphors!~5 and is 
also extensively used for coloring glasses and enamels®;’, Precise interpretation 
of the behavior of copper in glass and crystals is hampered, however, by the fact 
that copper readily changes its valence and coordination state. 

We investigated the properties of different glasses activated by copper, de- 
pending on the composition of the glass, the founding conditions, the copper con- 
centration and exposure to ionizing radiation. Investigation of phosphate, bor- 
ate and silicate glasses of simple composition showed that copper in all cases 
can be present in the atomic, monovalent and divalent states. With the aid of 
electron paramagnetic resonance we were able to relate the 800-880 mu absorption 
band with the presence of copper in the divalent state. Transition of the copper 
under the influence of a reducing agent (carbon, ammonium fluoride, metallic tin, 
etc.) to the monovalent state leads to weakening or complete suppression of this 
band (Fig.1); at the same time the glass begins to luminesce under ultraviolet 
stimulation. Characteristic of monovalent copper in glasses is an absorption peak 
in the vicinity of 250 mu, which appears when the divalent copper is reduced by 
carbon or ammonium fluoride. Further reduction brings the copper to the atomic 
state, which is evinced in the case of the investigated glasses by the appearance, 

as a result of repeat heating, of colloidal metallic copper particles, which color 
the glass red. The composition of the glass has a strong effect on the position 
of the Cu luminescence peak (Fig.2); this is probably connected with the appreci- 
able enhancement of the interaction between this activator and the surrounding 
‘medium in going from phosphate glasses to borate and silicate glasses. 

This interpretation is consistent with the results of our earlier investiga- 
tions of glasses with cerium.8,9 Increase in the concentration of the basic oxides 
in the glass, as well as increase of the copper concentration, favors transition 
of the copper to the divalent state. The luminescence spectrum also depends to 

an appreciable extent on the wavelength of the exciting radiation, which is, proba- 
bly, connected not only with the Stokes cutoff, but in a number of cases, with the 
presence of a number of different types of luminescence centers. 

In the case of reduction of the copper by metallic tin, there are observed in 
the luminescence spectrum two well resolved peaks, the location of which is only 


w 
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Fig.1. Changes in the spectral absorption of Nao90°1.5 Ca0°2.5 P905:0.1% Cu glass 
depending on the founding conditions: 1) neutral conditions, 2) 0.1% carbon, 3) 


af. 


max 


0.5% carbon, 4) 2% carbon. 


+Fig.2. Luminescence spectra of glasses: 1) 
Nag0°1.5 Ca0+2.5 P905:0.1% Cu (2% NH4F), 2) 
Nag0°Ca0-2.5 Bo03:0.1% Cu (4% NH4F), 3) 
Nag0°Ca0°-5 Si09:0.1% Cue. Aexcit = 313 mu. 


weakly dependent on the position of the glass. Special 
experiments showed that the luminescence spectra of 
glasses with Sn but without Cu differ from the spectra 
of the glasses with Sn and Cu. Stimulation of phosphate 
glasses with Sn and Cu by 254 mu photons leads to emis- 
Sion peaking at 440 mu (blue luminescence), while stimu- 
lation in the 365 mu region results in emission at 580 
mu (yellow luminescence). Such glasses can be used as 
indicators for radiation of the indicated frequencies. 
The luminescence efficiency depends greatly on the compc 
sition of the glass, the wavelength of the exciting radi 
tion and the Cu concentration; the maximum quantum effi- 
ciency attains 50%. 


In the case of excitation of silicate glasses with 
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copper by radiation of wavelength shorter than 250 mi, there is observed both 
fluorescence and persistent phosphorescence. 

Glasses with copper luminesce intensely not only under UV excitation but also 
under excitation by ionizing radiation. 

In Special experiments we established the possibility of obtaining glass 
screens with a 100-200 mu thick luminescing layer by the diffusion procedure. 
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DISCUSSION 


I.B.Keirim-Markus: The data on thermal luminescence reported by Karapetyan 
overlaps to some extent with the results of our investigations. I am pleased to 
note that we agree as regards the inferences that the trapping centers are con- 
nected with the base material, that the emission of Cu is due to monovalent cop- 
per and that a reducing medium is necessary to create favorable conditions for 

luminescence. According to our data, the luminescence spectrum depends not only 
on the type of glass (silicate or phosphate) but also on its particular composi- 
tion. Glasses with monovalent ions (K, Na) luminesce in the blue region, while 
those with divalent ions (Ca, Sr, Mg, Zn, etc.) luminesce in the red. Apparently, 
this is connected with the fact that the Cut ion neighbors on these ions. We also 
note the fact that introduction of Cu results in quenching of the intrinsic lumi- 
nescence of the glass, which is usually evinced at higher temperatures. 


* * * * * * * 


INVESTIGATION OF PHOTOLUMINESCENCE AND SCINTILLATION OF SILICATE GLASSES 
- S.M.Brekhovskikh & N.F.Shapovalova 


The purpose of the present work was to develop formulations for glasses exhibit- 
ing a strong enough scintillation effect to justify their use as y-ray detectors. 
5 We chose cerium as the activator, inasmuch as this element in silicate glasses 
gives rise to only blue luminescence, lying in the region of the maximum response 
of most commercial photomultipliers. 
: To investigate the influence on the luminescence yield of elements of Group I, 
we synthesized two-component silicate glasses with lithium and sodium. 

In comparing the luminescence of these glasses under UV stimulation it was 
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Chemical composition of found that in the case of lithium the lumines- 


glasses SZ-56 and Z-56-8 cence yield is six times higher and is shifted 
to the side of shorter wavelengths. Thus in 
: In cx the case of glass with 14% Lig0 the luminescence 
eg dgnaoniary edi: peak at 410 mu has an intensity of 133° (arbi- 
Chase | trary units), while in the case of glass with 
ae | e - | 14% Nag0 the peak located at 440 mu has an in- 
= | 3 E 2 3 = tensity of 21.3. The luminescence properties 
ee of sodium-silicate glasses changed little with 
| | neers introduction of a third component. The scintil- 
| 100% lation effect under bombardment by Cm Q-parti- 
S2Z-56 ae 77,14 |16,43 | 3 |0,8/2,0 61es proved to be so low in the case of glasses 
2-56-81 9,68 164,81 [18,21 | 7,29 |0,8 12,0 with sodium that it was undistinguishable from 


the noise of the photomultiplier. The high lumi 

nescence yield of lithium-silicate glasses re- 
mained virtually unaltered as a result of introduction of Mg, Ca or Ba oxide as 
the third component. The scintillation intensity of these glasses under Q-parti- 
cle stimulation amounted to 1.5-3% relative to the scintillation of our reference 
Nal(T1l) crystal. 

Inasmuch as it is known that glasses to be sensitive to y-radiation must con= 
tain appreciable amounts of heavy elements oxides, we decided to test glasses con- 
taining large quantities of barium oxide. We synthesized glasses containing 50% 
and more BaO. It was found, however, that these glasses were decidedly basic, and 
it was impossible to reduce the cerium present in them to the luminescing trivalen 
state even by means of so strong a reducing agent as antimony trioxide. These 
glasses were yellowish in color with very low transmission in the region of lumi- 
nescence of Ce3*. As a result of absorption of the cerium luminescence inside the 
glass, the emerging light was very weak and its spectrum was shifted into the long 
wavelength region. Thus we were unable to obtain a good luminescence and scintil- 
lation yield for heavily barium loaded glasses. 

The glasses designated SZ-56 and Z-56-8 (see table) proved to have good lumi- 
nescence properties and to be suitable for use as y-radiation detectors. The tech 
nical scintillation efficiency of these glasses under excitation by scattered y- 
rays from a Co60 source equaled 2% relative to the yield of our NaI(T1) crystal; 
the efficiency for Cm Q-particles, referred to the same crystal, was 3%. 


Conclusions 


The presence of lithium in glasses has a positive effect on the luminescence 
yield. 

Equivalent replacement of one oxide by another in the basic composition of th 
glass has a relatively weak effect on the luminescence spectrum and intensity. How 
ever, Sb, Ge, As, Ta and Tl sharply reduce the luminescence yield in the investiga 
ted glasses, while Cd, Bi, Pb and Ti quench the luminescence completely. 

The acidity of the glass has a decisive influence on the luminescence effici- 
ency. With decreasing acidity the luminescence yield decreases, and the peak in th 
luminescence curve shifts into the long wavelength region (from 390 mu to 470 my). 

The luminescence spectrum is intimately related with the transmission spec- 
trum: in the case of all glasses tested the luminescence peak coincides with the 
transmission peak. . 


Some of the synthesized glasses can be used as detectors of y- 
scintillation counters. y-radiation in 
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LUMINESCENCE OF CRYSTALS SURFACE-ACTIVATED WITH URANYL IONS 


- G.I.Kobyshev 
. As is known, the luminescence of compounds containing uranyl ions is com- 
rised of the emission of discrete centers. However, a number of authors!~4 have 
eported cases in which the uranyl ion plays the role of a luminescence activa- 
or, forming "crystal phosphor type" luminescence centers. 

We undertook an investigation of the luminescence spectrum of the uranyl cat- 
ion coordinately linked with water molecules when applied to the surface of a crys- 
tal (for example, magnesium oxide). In contrast to the case of ordinary crystal 
phosphors, in this case the activator is on the surface or in the surface layer 
and hence subject to external influences. We have investigated the luminescence 
of the uranyl cation on the surface of both inorganic polymers®, devoid of crys- 
talline structure, and on crystalline solids. 

Below we give the results obtained in the experiments with magnesium oxide. 
The magnesium oxide powder (or gel) was roasted at 600-700°C for 5-6 hours. The 
activator was introduced in the form of a solution (107-3 mole per liter) of an 
appropriate uranyl salt (tests showed that the nature of the anion is unimportant). 
Next the specimens were aged at a pressure of 10-5 mm Hg with simultaneous heat- 
ing to 170-200°C, which assured elimination of capillary-condensed, adsorbed and 
coordination bound water. 

In vacuum at low temperature (77°K) 
there is observed the spectrum repro- 
duced in Fig.b. It must be noted that 
P in the 16 000 to 18 000 cm! region 
: there is observed weak luminescence 
2 with a continuous spectrum which be- 

longs to the uranyl cation that has 

lost its coordination bound water. 
j addition to the continuous spectrun, 
in the same region there is observed 
only on the surface of crystalline 
as E solids a quasiline spectrum which is 
Luminescence spectra: a - two-dimensional substantially different from the spec- 
uranyl nitrate crystal on magnesium oxide trum of uranyl salt crystals and is due 


com 54604 


In 


at 290°K; b - same but at 77°K; c - same 
plus uranyl ion coordinately bound with 
water in the state of adsorption on the 


Magnesium oxide at CM bet 


surface nature of the crystal formations. 


are described by the series formula 


17 000 to 21 000 em-1 region (Fig.c). 


to the luminescence of crystalline for- 
mations on the surface of the magnesium 
oxide. Introduction of the activator 
does not require heat treatment of the 
phosphor, which is indicative of the 
The "lines" in the quasiline spectrum 


y = 17 650 - 700 vy + 370 va. 


Admission of vapor or gas (H50, NH3) into the vacuum chamber does not produce 


any 


significant changes in this spectrun, whereas the continuous spectrum is trans- 


formed into a band spectrum with a frequency interval of about 770 cm-l in the 


The changes produced by the gases are com- 


pletely reversible: upon evacuation of the gas the band spectrum disappears, and 


reappears when the gas is readmitted. 


Earlier in a similar case, we showed that 


these changes are due to the formation on the surface of a complex compound in- 
volving coordinate linkage of the uranyl cation with electron donor molecules of 


the admitted gas.° 


c 
.- 


> 
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As is known, discrete structure in the luminescence spectra of uranyl com- 
pounds is in general observed only at low temperatures. Here we must call atten- 
tion to the surprising fact that the discrete structure in the quasiline spectrum 
with sharply pronounced vibrational structure persists with increasing temperature 
up to room temperature (Fig.a). Increase of the temperature leads to decrease in 
the intensity of the luminescence, redistribution in the relative intensity of 
the "lines" and the appearance of another shorter wavelength component. The pres- 
ence in the quasiline spectrum of pronounced vibrational structure at 20°C and the 
absence of deformation frequencies may be taken as evidence of weak interaction of 
the excited electronic state with the vibrational energy of the lattice. In our 
opinion, this effect can be explained by the formation of two dimensional crystals 
on the surface, crystals that complement the structure of the magnesium oxide crys 
tal. 

We established earlier that enhancement of the electron donor properties of 
the addends in uranyl complexes results in decrease of the frequency of the fully 
symmetrical valence vibrations of the uranyl oxygens from 880 em71 (NO9) to 700 
om~1 (pyridine) , i.e., reduction of the frequency by approximately 20%. Conse- 
quently, in the given case, when there is observed the same low frequency, it may 
be assumed that the oxygen ions in the magnesium oxide lattice have a high elec- 
tron donor ability. In the investigated two dimensional crystal there occurs an 
appreciable equalization of the U--O bonds (uranyl and coordination), which in all 
probability should be explained by rupture of the double bonds and formation of 
sesqui-linkages. 

Thus, on the one hand, the uranyl cation plays the role of an activator of 
the luminescence of magnesium oxide, and, on the other hand, only as a result of 
coordination of the uranyl ion with the oxygens of the host is there observed the 
luminescence characteristics for the coordinated state of uranyl. In this case 
the luminescence of the uranyl ion may be regarded as intermediate in origin be- 
tween the luminescence of a crystal phosphor and luminescence of the molecular 
type. 

In conclusion, we note that as regards structure the investigated quasiline 
spectrum is similar to the luminescence spectra of the uranyl cation introduced 
into calcium oxide? and sodium fluoride”. All these crystals have approximately 
equal lattice constants (4.5 io which indicates the necessity of geometric cor- 
respondence between the host crystal and the activator. 

I desire to express my deep gratitude to A.N.Terenin for useful advice and 
suggestions in connection with the work. 
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LUMINESCENCE OF LiF CRYSTALS ACTIVATED BY URANYL NITRATE 
- E.P.Alekseeva 


We investigated the absorption and luminescence spectra and the glow curves 
of LiF crystals activated by uranium salts. The crystals were excited by x-rays 
from a tungsten anode tube with beryllium windows, operated at 50 kv and 20 ma. 

| The absorption spectra were studied on an SF-4 spectrophotometer. Activator 
absorption bands were observed with peaks at Aj = 2500 A and Ng < 2100 A, With 
increase of the activator concentration the 2500 A peak shifts to the side of long- 
er wavelengths (to 2600 A) and there appears a new band peaking at 3 = 3150 A. 

The last band was observed by Belyaev et all in investigating the absorption spec- 
tra of LiF doped with uranyl salts. 

The fluorescence spectra of activated LiF were recorded in an ISP-53 spectro- 
graph with an FEP-1 recorder. The phosphor was excited by the light from a PRK-2 
mercury tube through a UFS-2 filter. The fluorescence spectra at room temperature 
comprises a series of individual bands in the green region; the most distinct bands 
peak at 5210, 5240, 5290, 5330, 5360, 5380 and 5420 A. With variation of the ac- 
tivator concentration the general shape of the spectrum remains the same but the 
relative intensities of the individual bands vary. Comparing the results obtained 
for the activated lithium fluoride crystals with the luminescence spectra of CaFo; 
suet reported by Feofilov?, we note that the characteristic wavelengths in both 
spectra coincide fairly well. This gives grounds for interpreting the luminescence 
‘of phosphors activated by uranyl salts as the emission of the uranium ion, trans- 
formed by the crystal lattice. The luminescence center model proposed by Feofilov? 
presupposes isomorphous replacement of the Lit ion by a hexavalent uranium ion, ust, 
with the excess positive charge being compensated by isomorphous replacement of 

five of the six neighboring 
oN F- ions by 027 ions. 

/ It is known that under 
the influence of ionizing 
radiation there appear in 
pure LiF crystals4»° F, M, 
R, F' and N bands. Excita- 
tion of LiF phosphors with 
uranyl impurity with x-rays 
leads to the formation of 
the same color centers. If 
the activator concentration 
is sufficiently high (~0.2%), 
there appears a new absorp-, 
tion band centered at 5700 A, 
which colors the crystal 
violet. This band is stable 
and persists for several 
72 t, min months when the crystals 

are stored at room tempera- 
Glow curves for pure and doped LiF crystals: 1) 0.2% ture. A similar faint color 
U02(N03)9, 2) 0.01% U0g(NO3)9, 3) undoped LiF. may be observed in crystals 
with a low impurity concen- 
tration subjected to x-irradiation and subsequent heating. The band peaking at 
5700 A is undoubtedly connected with the introduction of the activator, inasmuch 
as it does not form in pure crystals even after heavy doses of x-irradiation. 

During excitation of the phosphors some of the energy is stored by electrons 

captured in traps. This energy can then be released in the form of thermolumi- 


£00 


200 
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The spectral composition of the ''thermoluminescence’ of pure LiF crys- 


nescence’. ; 
We investi- 


talso-7 differs from the emission characteristic of the activator. 
gated the thermostimulated luminescence of pure and activated crystals. The acti- 
vator luminescence was separated by means of a special light filter. The results 
are shown in the accompanying figure from which it will be evident that the glow 
curve 3 characteristic of nonactivated LiF crystals has a number of peaks corre- 
sponding to temperatures of 110, 163, 215, 300 and 360° (heating rate B = 0.7 de- 
gree per sec). Introduction of uranyl nitrate impurity does not result in the ap- 
pearance of new glow curve peaks (curves 1 & 2), but only changes the relative 
height of the peaks. Introduction of the activator significantly increases the 
peak at 110° and quenches the peaks in the 160-200° region. With increase of the 
uranyl impurity concentration from 0.01 to 0.2% the height of the peak at 110° in- 
creases more than the height of the other high temperature peaks. For samples 
that are already colored violet repeat excitation yields the same distribution of 
electrons over trapping levels. Consequently, activation of the crystals results 
in the change of the relative height of the glow curve peaks but does not lead to 
the appearance of new peaks. This gives reason to infer that the light sums here, 
as in other alkali halide crystals®, are stored in traps of the host material. 
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DISCUSSION 


Z.B.Perekalina: In the Institute of Crystallography there were grown lumines- 
cent LiF crystals activated by uranyl salts. The crystals were grown by the Kyro- 
poulos technique in air. The crystals grown in vacuum did not luminesce. This 
indicates that for the formation of luminescence centers in activated LiF a neces- 
sary condition is the presence of hexavalent uranium ions. We investigated the 
luminescence and absorption spectra of LiF:U crystals as a function of the uranium 
concentration. In the concentration range from 0.1 to 0.2 percent by weight in 
the melt there occurs a redistribution in intensity among the luminescence bands: 
the initial blue-green luminescence becomes yellow-green. At the same time thera 
occur changes in the absorption spectrum: the absorption bands are shifted to the 
long wavelength side. The results of this investigation were reported at the Con- 
ference on the Physics of Alkali Halide Crystals held in Tartu, July 1959, 
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: INFLUENCE OF INFRARED LIGHT ON THE LUMINESCENCE OF SILVER CHLORIDE 
- V.M.Belous & N.G.D'yachenko 


We investigated the effect of infrared light (isolated by KS-19 and IKS-3 
ilters) on the blue luminescence of fused AgCl layers. The luminescence was ex- 
ited by the 366 mu line of mercury with the specimens cooled to liquid air tem- 

perature. The blue luminescence was separated by an SZS-18 filter and detected 
y an FEU-19 photomultiplier which was connected to an ENO-1 oscillograph. 

It was found that under steady UV excitation switching on infrared (IR) leads 
to flash stimulation and then to quenching of the luminescence. Switching off 
the IR is followed by a brief decrease in brightness (negative "flash") and then 
slow growth of the luminescence to the steady state value. An oscillogram charac- 
terizing these processes is shown in the accompanying figure. If the excitation 

' of the phosphor is stopped and then sometime later 

| ad the IR is switched on there is observed a flash of 

blue luminescence of ~1071! sec duration. Repeat 

switching on of the IR does not lead to this effect 


Luminescence 
level 


| if the intensity of this radiation exceeds a cer- 
| a ae tain limiting value. (In determining the limiting 
ae off intensity one must bear in mind the duration of the 
ne exposure to IR; in the described experiments the ex- 
—s posure was 2 sec.) 
Oscillogram of blue lumines- On the basis of these first results one can 
cence of AgCl as IR light draw the following conclusion. In AgCl phosphor 
is switched on and off. under the influence of exciting ultraviolet light 


part of the electrons recombine with subsequent 
radiation, while part are captured on sticking levels (in traps). When the infra- 
red light is switched on, the release of the electrons from the traps presumably 
leads to the flash of blue luminescence. If the intensity of the IR is suffici- 
ent to empty the traps completely, the magnitude or strength of the flash will to 
a certain degree be a measure of the number of electrons stored on the sticking 
levels (held in the traps). 

The variation of the flash strength as a function of the dark time (the peri- 
od between switching off the exciting UV and switching on the IR) is hyperbolic 
(the intensity of the IR in these experiments always exceeded the limiting value). 

We also investigated the variation of the flash strength with the intensity 
of the exciting light. It was found that in the range of low UV intensities the 
flash strength during the time of excitation and for a 10 second dark period in- 
creases linearly with the intensity of the exciting light; in the range of higher 
intensities the flash strength decreases. The linear decrease of the flash 
strength with increase of the UV intensity can, in our opinion, be explained by 
the de-exciting action of the exciting light.1 

In the course of determining the variation of the flash strength during the 
time of excitation as a function of the IR intensity it was found that within the 
range of intensities employed in our experiments the flash strength depends line- 
arly on the IR intensity. 

It is interesting to note that in the case of heat treated silver chloride 
specimens we observed green luminescence which can be quenched by IR light but 
without an initial flash. 

The orange luminescence of fused AgBr layers is also quenched by IR (IKS-3 
filter), but no initial flash is observed upon switching on the IR. Upon switch- 
ing off the IR, the brightness of the orange band of AgBr rises much more rapidly 
than the intensity of the blue band of AgCl. 
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These results not only substantiate the inference? that different centers 
are responsible for the blue and green bands of AgCl but also give reason to in- 
fer that the luminescence mechanism involved in emission of the blue band of AgCl 
differs from the mechanism giving rise to the green band of AgCl and the orange 


band of AgBr. 
We thank T.Ya.Séra and S.1I.Golub for their interest in the work. 


Institute of Physics, 
Odessa State University 
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ot EMSS OF URANIUM ACTIVATED SODIUM AND LITHIUM FLUORIDE SINGLE CRYSTALS 
~ L.M.Belyaev, G.F.Dobrzhanskii & P.P.Feofilov 


The exceptionally bright luminescence of lithium and sodium fluorides acti- 
vated by uranium has attracted the attention of many investigators. One of the 
reasons for this is the importance of sodium fluoride beads in luminescence ana- 
lysis for uranium. All the investigations!-3 published to date, beginning with 
the work of Nichols & Slatteryl, have been performed on either beads or powdered 
phosphors. 

Recently there were prepared LiF:U and NaF:U phosphors in the form of comn- 
paratively large single crystals.4 Although the investigation of such basic char- 
acteristics as the spectra and kinetics of luminescence can be carried out equally 
well on powders and polycrystalline beads, investigation of single crystals opens 
new possibilities particularly where utilization of polarization methods is con- 
cerned. 

Below we give some data on the luminescence properties of lithium fluoride 
and sodium fluoride single crystals activated by uranium. 


1. Specimens 


Lithium and sodium fluoride in crystallizing form a cubic lattice of the rock 
salt type. The investigated single crystals were grown from melts by the Kyro- 
poulos technique. The activator was introduced into the initial batch, as a rule, 
in the form of uranyl nitrate. Introduction of the activator in the form of other 
salts (sulfate or acetate) led, in general, to the same results, which is apparent- 
ly connected with complete decomposition of all these salts to the oxide (U30g) at 
temperatures lower than the melting point of the crystals (870° for LiF and 980° 
for NaF). The activator concentration was varied from 0.01 to 0.3%. 


2. Absorption Spectra of LiF:U_ and NaF:U Single Crystals NaF:U Single Crystals 
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Fig.l. Absorption spectrum of NaF:U at -196° (0.3% U02(NO3) 9). 
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At room temperature the absorption spectra of the investigated single crys- 
tals consist of weak bands with clearly discernible structure in the visible re- 
gion of the spectrum and strong absorption with several diffused peaks in the ul- 
traviolet region. For LiF:U crystals the absorption peaks are located at about 
520, 505, 405(?) and 310 mu; for NaF:U at about 555, 535, 430, 365 and 275 mi. 
The last two bands are close in wavelength to the bands recently observed by Le 
Roux? in the spectrum of NaF beads containing uraniun. 

Upon cooling of the crystals to liquid nitrogen temperature the long wave- 
length absorption bands split up into an excpetionally large number of very nar- 
row lines (Fig.1). 


3. Luminescence Spectra of LiF:U and NaF:U Single Crystals 


The luminescence of LiF:U and NaF:U single crystals can be excited either in 
the region of the long wavelength absorption bands or in the ultraviolet region. 
Structure in the luminescence spectra is clearly evinced even at room temperature. 
Upon deep cooling the luminescence spectra become extremely rich in detail: there 
appear numerous lines, the width of which frequently does not exceed a fraction 
of an angstrom. 


Fig.2. Absorption (a) and luminescence (b) spectra of NaF:U single crystal at -196 


Many of the discrete lines are observed both in the absorption spectrum and 
in the luminescence spectrum (Fig.2), i.e., may be identified as resonance lines 
(they are identified by the letter R in Fig.2). The presence of a large number of 
resonance lines, distributed in a rather wide spectral range (about 1800 cm-l for 
LiF:U and about 800 cm! for NaF:U), is evidence of the complex structure of the 
sublevels of the excited state and of the relatively weak interaction of these 
sublevels, interaction that hinders the attainment of thermal equilibrium within 
a time of the order of 1074 sec (the lifetime of the excited states of these phos- 
phors). Further evidence of this is the possibility of selective excitation of 
individual line groups. Thus, for example, in excitation of NaF:U crystals by 
the 546 mu line of Hg there is observed bright luminescence, the spectrum of which 
is distinguished by the absence of not only the shorter wavelength lines (Stokes 
cut-off) but also of individual lines located in the Stokes region. 

The only regularity that can be definitely established at present in the low 
temperature luminescence spectra of LiF:U and NaF:U is the presence of equally 
spaced line series into which one can group the principal brightest lines that are 
always observed in the spectra. We succeeded in distinguishing two series in the 
spectra of each of the uranium activated fluorides: 


ae (cm-l) = 19 286 - 800 ¢ 
Yine(em7l) =-18 947 - 800 k 


*The meaning of the subscripts ¢ and ™ will be made clear below. 


} tor LiF:U (t = 0, 1, 2)* 


- 547 - 


and 


v,. (em74) = 18 093 - 708 & 
ek e - —_ 
Vink (cm75 = 17 743 - 708 k } for NaF; U (k = O ’ il ' 2 ; 3) rs 


There can also be tentatively identified in the luminescence spectra of LiF:U 
and NaF:U other sequences with AY equal to 800 and 708 cm71, respectively; these 


‘comprise weaker lines as well as lines observed only in the spectra of individual 
specimens. 


4. Polarization of the Luminescence of LiF:U and NaF:U Single Crystals 


The luminescence of LiF:U and NaF:U single crystals excited by linearly polar- 
ized light is in general partially polarized; the degree of polarization is clear- 
ly dependent on the relative orientation of the crystallographic axes and the elec- 
tric vector of the exciting light (azimuthal dependence), on the wavelength of the 


exciting light (polarization spectrum) and on the wavelength in the luminescence 
spectrun. 


A. Azimuthal dependence and luminescence center model* 


Investigation of the azimuthal dependence of the polarized luminescence makes 
it possible, as was shown earlier® , to establish uniquely the character of the ori- 
entation of the anisotropic luminescence centers in cubic crystals. Application 
of this method of investigation enabled us6-8 to propose a model for the structure 
of the luminescence centers. 

Utilizing the previously proposed scheme® , we carried out an investigation of 
the azimuthal dependence of the polarization of the luminescence of plates cleaved 
from crystals parallel to the (100) planes. Inasmuch as the purpose of the pres- 
ent stage of the study was to establish the character of the orientation of the 
centers, we carried out our observations in undispersed light, neglecting the 
rather pronounced dependence of the degree of polarization on the wavelength in 

the emission spectrum. The results of measurements carried out at room tempera- 
ture are shown in Fig.3. 

Comparison of the experimental 
azimuthal dependences (Fig.3) with 
the calculated dependences® clearly 
indicates that the luminescence cen- 
ters in MF:U crystals are definitely 
oriented along a fourth order sym- 
metry axis. 

In view of this fact and on the 
basis of the principle of local char- 
ge compensation one can propose a 
model for the luminescence centers 
in the investigated crystals. In con- 
structing the model one should also 
bear in mind the hexavalent state of 
the uranium atoms and the presence 
of oxygen as a necessary condition 


Fig.3. Azimuthal dependence of the polar- for the appearance of luminescence 
ization of the luminescence of LiF:U and of hexavalent uranium in these crys- 
NaF:U at room temperature. tals. The last condition was noted 


= fae earlier by one of us? for CaFg:U by 
*The preliminary results of this investigation for LiF:U were published in 
Ref.5. 
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Runciman2 and Le Roux? for NaF:U 
and Shapirol9 for a number of 
uranium activated alkali halides. 
The proposed model is shown 
in Fig.4,a. The USt ion isomor- 
phously replaces a monovalent al-— 
kali metal cation. The resultant 
excess positive charge (5+) is 
compensated by isomorphous re- 
placement of five of the six F7 
ions surrounding the uSt ion by 
02- ions. It can readily be shown 
that the resulting luminescence 
center will be an anisotropic for- 


J 2 Anionic 
Oo; Mi BOs eu" oo DO vacancy 


Fig.4. Model of luminescence centers in Mf:U: mation with a distinctive direc- 
a - according to Feofilov, b - according to tion oriented along one of the 
Runciman. C, axes. This amorphous replace- 


ment of F~ by 02- can readily be 
realized owing to the fact that the radii of these ions are nearly equal. 

It should be noted that Runciman? proposed a different model for the lumines- 
cence centers in NaF:U (Fig.4,b). It can easily be shown, however, that this mode 
in which all six F~ ions surrounding the activator ion are replaced by oxygen and 
the compensation of charges is realized by an anionic vacancy in the second co- 
ordination sphere is not consistent with our polarization data. Runciman's model 
implies a distinctive direction aligned with a third order axis (C,). Yet the 
azimuthal dependences of the polarization of luminescence unambiguously indicate 
that the luminescence centers in MF:U crystals are oriented along a fourth order 
symmetry axis. 

This example once more demonstrates the importance of the results of polariza 
tion measurements as a criterion in judging the validity of any proposed model for 
luminescence centers. 


B. Variation of the polarization over the luminescence spectrum 


As noted above, the degree of polarization 
in the spectra of LiF:U and NaF:U varies with 
the wavelength in the luminescence spectrum. 

This wavelength dependence is not surprising if 
one recalls the complex character of the lumines- 
cence bands, evinced even at room temperature. 
Some of the curves characterizing the variation 
of P with Ajym for different specimens excited 
by light of different wavelengths are reproduced 
in Figs.5 & 6.* The characteristic but still 
imperfectly understood shape of these curves can. 
hardly be the subject of serious discussion at 
present, inasmuch as it represents a highly com- 
plex pattern forming as the result of superposi- 
tion of a number of elementary radiations that 


Fig.5. Variation of the degree are clearly evinced in investigating deep cooled 
of polarization with the wave- crystals. 


length in the luminescence spec- ~~77 77777 TT TTT ttt 
trum of LiF:U with Nexcit = 405 *The curves were obtained on the polariza- 
mu (1) and 365 mu (2). tion set-up of P.I.Kudryashov, whom we take this 


opportunity to thank. 


- 549 - 


e +Fig.6. Variation of the degree of polarization 
with the wavelength in the luminescence spectrum 
of NaF:U. U0 (N03) concentration: 1, 3 & 4) 


0.1%, 2) 0.3%; Nexcit: 1 & 2 - 546 m, 3 - 436 
mu, 4 - 365 mn. 


of 


a6 C. Polarization luminescence spectra 

The fact that the degree of polarization varies 
with the luminescence wavelength precludes speaking 
of the polarization spectrum of MF:U crystals in the 
sense employed in investigating complex molecules. 
Strictly speaking, one must deal separately with the 
polarization spectrum associated with each individual 
spectrum line or at least each narrow spectral in- 
terval. Nevertheless, we deemed it worthwhile to 
carry out measurements of the variation in the de- 
gree of polarization of the luminescence as a func- 
tion of the exciting wavelength, observing the lumi- 
nescence in a sufficiently wide spectral range. 
Such "averaged" (over the luminescence spectrum) 
polarization spectra, measured at room temperature, 
are shown in Fig.7. 

It is interesting to note that as regards their 
general character these polarization spectra are highly reminiscent of the polar- 
ization spectra of most organic dyes. 


G4 


0 OLD» 


Fig.7. Absorption (1) and polarization of luminescence (2) spectra of MF:U single 
crystals at room temperature. 


5. Polarization in the Low Temperature Luminescence Spectra and 
the Nature of the Elementary Radiators of the Uranium [Ion 


As noted above, the luminescence spectra of LiF:U and NaF:U single crystals 
cooled to liquid air temperature comprise a large number of extremely narrow lines. 


Polarization studies show that under certain conditions of excitation and observa- 
tion the polarization of the radiation differs for individual spectrum lines and 


for some of them approaches 100%. The presence of highly polarized lines in the 


luminescence spectrum of the investigated crystals enabled us to apply to these 
-erystals the method of polarization diagrams proposed by Vavilov? and developed 


by one of usl2 for the case of activated cubic crystals. This method makes it 
possible to establish, in most cases unambiguously, the nature (multipolarity) 


of the elementary oscillators. 


a ho 


*Preliminary results of this investigation for LiF:U were published in Ref.9. 
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Fig.8. a) Diagram of the experiment for determining the multipolarity of the ele- 

mentary radiators in MF:U single crystals. b) Patterns corresponding to different 

combinations of absorbing and radiating dipole oscillators. c) Luminescence spec- 
trum of NaF:U at -1969°; Nexcit = 546 m. 


The question of the nature of the elementary oscillators involved in the lumi 
nescence of compounds of hexavalent uranium was first raised by Vavilovl3 in con- 
nection with the necessity of reconciling the spontaneity of the luminescence of 
uranyl salts with a long persistence with the dipole character of the emission in- 
dicated by the polarization diagrams plotted for the luminescence of uranium glas- 
sesl4, ‘Interference and polarization experiments carried out at that timel5 did 
not yield a definitive answer to this question. Accordingly, we attempted to an- 
swer it making use of the investigated fluoride crystals containing uraniun. 

The procedure applicable in this case for determining the multipolarities of 
the elementary radiators has been described earlier?. A diagram of the experi- 
ment, the patterns that should be observed for different combinations of absorb- 
ing and radiating dipole oscillators and a typical spectrogram, obtained for NaF:U 
under the conditions illustrated are shown in Fig.8. 

The results of determination of the multipolarities of the elementary radia- 
tors are summarized in the accompanying table. It will be seen from the table 
that the long wavelength partsof the luminescence spectra are due to linear oscil- 
lators of the m, and a, types. The short wavelength group of lines in the spectru 
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Nature of elementary oscillators at -183° 


A, In LiF:U luminescence spectrum B. In NaF:U luminescence spectrum 


a 


: 
ny Type i Type lnype of : Fe Type of a , | Type on 
ose. ee ea eas a | oseLil. ace 

4828 | c, | SOUR oo 15910 | rT, 3528 | T. (€o) | 9944 | Te 
4882 |6, | 5024] 6, | 5240 | Tan 5636 | (mo) | -5970 Tan 
2920) | 6, BS) 5052") 9.5 Mee5245" 1 ox; 9676 Te 5977 | Te 
4941 | o, | 5057 6, | 5278 | x_, (7m) 5699 ‘ 5998 r, (€2) 
4948 | co, | 5067} «, | 5285| =, 9703 ig 6066 | Tm 
4993 | c,, | 5136) o, | 5410 | x, (a) 9798 T. (ex) | 6087 Tm 
5002 | o,, bers | m, (€0)| S514 | m,, (7m) 5818 Tm 6124 Tm (M2) 
5012 | Gm | S195 | yy | 9655 | my (er) 5836 Tm 6229 | Tr 

| 5764 | 1, (me) 5870 Ty, (4) 6263 m™, (€3) 


of LiF:U is associated with circular oscillators: 5 and Gm. 

Thus in the case of luminescence of uranium ions, just as in the case of lumi- 
nescence of rare earth ionsl6, we encounter, in addition to electric, magnetic di- 
pole radiators. The intensities of the lines associated with the magnetic and 
electric dipoles are comparable. This indicates that the transitions accompanied 
by radiation from the electric dipoles are forbidden and that we are dealing with 
forced dipole radiation. Noteworthy is the scarcely fortuitous circumstance that 
the degree of removal of inhibition from the electric dipole transitions,as in the 
case of rare earth ions, is just sufficient for the probability for the forced 
electric transitions to be equal in order of magnitude to the probability for spon- 
taneous magnetic transitions. 

Thus the results of our investigation show that the luminescence of hexavalent 
uranium ions should be regarded as the surposition of forced electric and magnetic 
dipole radiations. 

Before concluding, we would like to mention another point that may be impor- 

‘tant in interpreting the spectra of uranium ions in alkali halide crystals. Ex- 


07cm amination of Fig.8 shows that there 
op ; is a regular alternation of the sign 
LiFSU of the polarization of the most in- 
19 tense luminescence lines. This al- 
18 ternation of the polarization must 


be interpreted as alternation of the 
type of radiators: electric and mag- 
netic dipoles. It is found that of 


17 


16 


} 
ee aes SS aS the two principal electronic vibra- 
eo 2Bssrs 
| 
1 


tra of each of the investigated crys- 
tals, one is formed by electric di- 
poles and the other by magnetic di- 


XQ 
S 
3 tional series observed in the spec- 


SS & 
a erRe h 


ay S = poles. The additional series de- 
1 S ne = tected in the spectrum of NaF:U must 
S Stic S also be formed by radiators of one 
Y .” = type: either electric or magnetic. 
SLAG DIES aes Thus there can be plotted the 
€ My & My & M, €) My & Ty €p My €s 


energy level diagrams for LiF:U and 
Fig.9. "Electric" and "magnetic" series in NaF:U shown in Fig.9; these incorpor- 
the luminescence spectra of LiF:U and NaF:U. ate the principal lines in the long 
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wavelength part of the spectra of these crystals, beginning with the longest wave-_ 
length resonance lines. 
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INVESTIGATION OF THE RELAXATION TIME OF THE PHOTODIELECTRIC EFFECT IN 
ZnS:Cu:Co PHOSPHOR 


- G.M. Malkin 


One of the more important characteristics of the photodielectric effect (PDE) 
is the relaxation time 9, which determines the position of the dispersion region 
due to excitation of the crystal phosphor. The relaxation time can be determined 
experimentally from the condition @na,@ = 1, where max is the angular frequency 
of the electric field at which the peak value of the dielectric loss factor is ob- 
served. 

Theory yields different expressions for @ depending on the hypothesized na- 
ture of the PDE. If the effect is assumed to be due to conductivity, taking into 
account diffusion of free electrons, we can writel 

C 

§——? 

22, (1) 
where Ss is the conductivity and (, is the increment in the dc field capacitance 
of the phosphor as a result of excitation. 

If it is assumed that trapped electrons are responsible for the PDE: 

L< Rus 
9 = iat Sp evai?n (2) 


Ean T 2 2Pn 


where & and &, are the values of the dielectric constant at ™ = 0 and w= oO, re- 
spectively, po is the natural vibration frequency of the trapped electrons, and 
Uis the height of the internal potential barrier on the trapping levels. Rama- 
zanov’ suggested that U has the physical meaning of the usual trap depth, rather 
than the height of the internal barrier on the trapping levels. 

Both Roux2 and Ramazanov® note that for explaining the experimental data one 
must assume that there are present in the phosphor several different types of lev- 
els with different U. This makes if impossible to check Eq.(2) experimentally as 
long as the distribution of the trapping levels is not known. One can, however, 


find a temperature region where the phosphorescence is due to levels of one depth 


- i . S 


(Ref.4 & 5); and in this region one can establish which of the equations - (1) or 


(2) - gives a better fit to the experimental data, 


log t,min 


Fig.2. Variation of 9 with phos- 
phorescence decay time. 


«-Fig.1. Glow curves for ZnS:Cu:Co phosphor: 

1) after excitation at liquid nitrogen tempera- 
ture, 2) after excitation at 20°, 3,4 & 5) after 
1,2 and 12 hours decay, respectively, at 20°. 
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Accordingly, we recorded the thermostimulated luminescence (glow) curves for 
ZnS:Cu(3°107° g/g):Co(10-§ g/g) phosphor; these are reproduced in Fig.l. As will 
be evident from the figure, this phosphor has four sets of trapping fevers. Exci- 
tation at room temperature leads to electron population of the trapping levels 
that yield the glow peaks at 20 and 78° (curve 2). At the poet ont Regce decay 
there are emptied the levels that are responsible for the peak at 20°. At subse- 
quent stages of decay release of electrons occurs only from the deeper trapping 
levels. Glow curves 3,4 & 5 were recorded 1,2 and 12 hours after ORC ee On 
the basis of these curves, using the method proposed by Antonov-Romanovskii’, we 
calculated the depth of the trapping levels participating in the phosphorescence 
at different stages of decay. For all three curves we obtained a trap depth of 
0.5 ev. Thus in our phosphor release of electrons at 20° during at least the 
first 11 hours occurs from levels of one depth. For this case Eq.(2) gives either 
a constant value of 9 or a small decrease of @ inasmuch as «, decreases slightly 
during decay. Increase of 9 with the decay time according to Eq. (2) can occur 
only as a result of departure of electrons from levels having smaller U,and conse- 
quent increase of the relative significance of trapping levels with larger U. Ac=- 
cording to (2), the presence of a set of internal potential barriers even for lev- 
els of one depth should not give rise to change of 9, inasmuch as the electron 
release probability does not depend on the height of this barrier, but is deter- 
mined by the depth of the trapping levels, and, consequently, decay does not change 
this distribution. 

Fig.2 shows the variation of @ with decay time obtained for our ZnS:Cu:Co 
phosphor. It will be evident that despite the release of electrons from traps of 
one depth, @ does increase substantially with time, instead of remaining constant 
or decreasing as is required by Eq.(2). It also follows from Fig.2 that the varia- 
tion of 9 with decay time is described by the hyperbolic law. This is in agreemen 
with (1) and the results of Vergunas & Lukantsever’, who showed that in the proces: 
of phosphorescence decay the concentration of free electrons, which is proportiona: 
to the photoconductivity so, decreases according to the hyperbolic law. C, in (1) 
virtually does not change with decay time at 20°.1 

Another, independent check of (2) is furnished by the temperature dependence 
of @. If this is plotted in log 9, 1/T coordinates there should be obtained a 
straight line, from the slope of which one can determine the depth of the traps 
or, according to Roux2, the height of the internal potential barrier. 

To determine the temperature variation of 9, we excited the phosphor at 20° 
and then after holding it for 12-14 hours at this temperature, heated it slowly. 
The resultant curves are shown in Fig.3; as will be evident from the figure, the 
center of the PDE dispersion region shifts to the side of higher frequencies. We 
plotted the temperature dependence of @ on the basis of the data of Fig.3; the re- 
sultant curve is shown in Fig.4. It will be seen that the experimental points do 
not lie on a single straight line; at higher temperatures the slope of the curve 
is less steep than at temperatures near room tem rature, whereas if there is pres- 
ent a set of U, according to Roux2 and Ramazanov ,» the opposite should obtain: 
with increase of the temperature there should at first be evinced levels with 
smaller U and then, with gradual emission of the light sum, levels with larger U. 

In addition, decrease of @ should be accelerated at higher temperatures by 
decrease of &0,owing to release of trapped electrons. On the other hand, Eq. (1) 
satisfactorily describes the variation of @ in this case as well, inasmuch as 
heating of the phosphor leads to increase of the conductivity. Thus, even if there 
are filled trapping levels of one depth in the phosphor, Eq.(2) cannot satisfac- 
torily describe the decay time and temperature dependences of @. 


Fig.3. Displacement of the PDE 
dispersion region with heating of 
the phosphor at late stages of 
phosphorescence decay: 1) 20°, 
2) 302; 3) 50°, 4) 69°, 5) 89°. 


log@ 
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Fig.4. Variation of 9 with tem- 
perature at late stages of phos- 
_ phorescence decay. 
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We also investigated the variation of the 
PDE relaxation time at liquid nitrogen tempera- 
ture. It was established that after cessation 
of excitation at this temperature @ increases 
more than an order of magnitude. Yet at this 
low temperature the number of trapped electrons 
does not change after cessation of excitation 
and, consequently, there is no redistribution 
of electrons among trapping levels. Hence Eq. 
(2) cannot explain the observed increase of @. 

All these experimental results substanti- 
ate the inference made earlier! that the photo- 
dielectric effect in ZnS:Cu:Co phosphor is due 
to conduction electrons. 

I desire to express my deep gratitude to 
F.I.Vergunas for her guidance in the work. 
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CONCURRENT INVESTIGATION OF THE PHOTODIELECTRIC EFFECT AND THE LIGHT SUM 


STORED IN ZnS:Cu:Co PHOSPHOR 
- G.M. Malkin 


It is known that the emission and decay of crystal phosphors with a recombi- 
nation mechanism is accompanied by change of their dielectric properties. This 
photodielectric effect (PDE) has been investigated by many authors, primarily by 
observation of the variation of the dielectric constant and dielectric loss factor 
as a function of the excitation intensity, the frequency of the applied electric 
field, the temperature and other factors. It was found that most of the observed 
regularities can be explained by associating the PDE with trapped electrons or 
conduction electrons in grainy specimens; both hypotheses lead to equations of the 
Debye type.1,2 It must be noted, however, that there have been very few studies 
involving parallel investigation of the PDE and the optical characteristics of 
the phosphor, despite the fact that such investigations could yield direct proof 
of the participation of trapped or conduction electrons in the PDE. 

One such study is that carried out by Garlick & Gibson’, who investigated 
the decrease of the increment in the dielectric constant Ae and the stored light 
sum 4 during the phosphorescence decay time ¢. These authors cite the observed 
parallelism between the log Ae vs log {t and log Lvs log ¢ curves as proof that 
trapped electrons are responsible for the PDE. This inference, however, is er- 
roneous because As is not proportional to the number of polarizing complexes. 
Actually, the Debye equation for As gives 


log At = log (80 — &0) — log (1 + 062), (1) 


where & and &,. are the values of the dielectric constant measured at frequencies 
= 0 and o= @, respectively, and @ is the relaxation time of the PDE. It will 
be evident from (1) that Ae for measurements at a constant frequency is a function 
of two variables, namely, &t— e, and 9, which, in turn, vary in the process of de- 
cay of the phosphor. It is known that @ increases during the decay time. Thus, 
Rouxl gives data for ZnS:Cu phosphor from which it follows that during the decay 
time from 10 sec to 5 min @ increases by two orders of magnitude, while e,— ex 
decreases by about 50% during the same period. 

In our experiments we found that for ZnS:Cu:Co phosphor 9 changes from 4-107-7 
sec during excitation to 8°10-4 sec after 12 hours decay, i.e., increases by more 
than three orders of magnitude. For the same phosphor ¢e,— ©, decreased by 11.5% 
during the same decay period. Consequently, the decrease of Ae during the decay 
period with = const occurs mainly due to shift of the dispersion region to the 
side of lower frequencies. Hence the shape and slope of the Ae vs ¢ curve plotted 
in double logarithmic coordinates is determined not only by the variation of Ey— Fx 
but also by the particular decay time dependence of 9. It is also obvious that 
change of the measurement frequency w should be evinced in the shape of this curve 
owing to inconstancy of 6. 

_The influence of w on the law characterizing the decrease of Ae was noted by 
Rouxt, Roux, however, infers that the persistence of the PDE at liquid nitrogen 
temperature is evidence of the participation of trapped electrons in the PDE, al- 
though this effect may also be due to variation of the measurement frequency. 
Thus, for example, we obtained the effect of "freezing" of the PDE for ZnS:Cu:Co 
phosphor at room temperature, that is, we found that the PDE might persist for 
hours at one frequency and fall off rapidly at another. In the accompanying fig- 
ure we show curves giving the increment in capacitance measured at two different 
frequencies at 50°. Curve 1 may serve as an example of "freezing" of the PDE, 
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while curve 2 illustrates the case 
AC pf of decrease of the PDE at the same 
4 temperature. 

Thus comparison of the varia- 
tion of the stored light sum with 
Ae should not be carried out with 
a substantially varying relaxation 
time. The effect of inconstancy 
0 Z r 12 6 etd of @ can be avoided, however, in 
) the limit as »-+0, i.e., by using 
Decrease of AC measured at different frequen- adc field. In this case, paral- 
cies with the phosphorescence decay time for lelism between the variation of 

ZnS:Cu:Co phosphor at 50°. Ae = &—€x and the stored light 
sum could be taken as direct proof 
of the participation of trapped electrons in the PDE. 

For determining &— &x or C(&—e8) (C is the geometric capacitance of the 
specimen) one can make use of the circular diagrams of Cole & Cole*. Inasmuch as 
we are interested only in the effect resulting from excitation of the specimen, 
the circular diagram should be plotted for (e’= (Ae and Ce’= Ce’ tan y, where ¢’ 
is the increment in the dielectric constant owing to excitation, ©’ is the dielec- 
tric loss factor due to the appearance of an absorption current during excitation, 


and y is the angle between the absorption current and its reactive component. It 
can be shown that 


tan 7 = tan S@ + — Atan 5, 


where tan §Q is the dielectric loss tangent of the excited specimen, Atan 6 is 
the increment in the loss tangent and AC is the increment in capacitance as a re- 
sult of excitation, and (, is the capacitance of the unexcited specimen. 

This presentation of the dispersion data is clear and graphic, and eliminates 
the possible error connected with "dark" values of the dielectric loss factor and 

capacitance at different frequencies. 

We plotted circular diagrams for ZnS:Cu:Co phosphor during excitation and at 
different instants during phosphorescence decay at 20°.2 Concurrently with these 
measurements, we recorded the glow curves immediately after cessation of excita- 
tion at 20° and after different decay periods at the same temperature. From the 
areas under the glow curves we determined the light sums stored and remaining in 
the phosphor as a function of the decay time. The following are the data obtain- 
ed on the increment in static (dc) capacitance and stored light sums: 


Decay time, hrs O 1 2 12 
Increment in static capacitance, pf 56.6 50 50 50 
Stored light sum, arbitrary units 100 34 29 14.4 


It will be seen that during the first hour of decay the light sum falls off 
by a factor of about 3, whereas the static capacitance decreases only slightly. 
During the subsequent hours the number of trapped electrons continues to decrease, 
while the static capacitance remains virtually constant. 
. Thus it will be evident that for ZnS:Cu:Co phosphor at room temperature, at 
any rate, there is no parallelism between the decrease of the light sum and &,— fo 
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This is consistent with the inference drawn earlier? that in this phosphor the 
PDE is due mainly to conduction electrons. From this standpoint one can easily . 
explain the small decrease in static capacitance during the initial decay period, 
inasmuch as this quantity, depending on the conduction electron concentration, 
rapidly attains saturation. 2 Apparently, the concentration of conduction elec- 
trons that obtains in the phosphor during persistent phosphorescence of the phos- 
phor at room temperature is sufficient for the static capacitance to attain satu- 
ration. 

I desire to express my deep gratitude to F.I.Vergunas for her guidance in 
the work. 
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DISCUSSION 


Ya.A.Oksman: Despite the great potentialities of photodielectric methods 
they have not yet achieved their merited place in the arsenal of means of investi- 
gating semiconductor processes. This is connected with the fact that until now 
interpretation of the experimental data has been based on the a priori properties 
of the investigated substances, which naturally leads to ambiguous results. In 
the report we have just heard, in line with this tendency, there are made inade- 
quately founded assumptions regarding parallelism between the light sum and the 
static capacitance, regarding the photodielectric effect of the first order being 
due to trapping levels of one type, etc. 

In connection with this I would like to put forward some general considera- 
tions regarding the direction of research concerned with the photodielectric ef- 
fect. First, new data on the properties of trapped and free charges can be ob- 
tained only on the basis of formal, rigorously substantiated methods of investi- 
gation and analysis of the experimental results. In this respect the method of 
taking into account the polarization field described by Vergunas appears to be 
very interesting, inasmuch as it allows of excluding from consideration the de- 
tailed distribution of space charges. 

The next consideration pertains to the subjects of investigation. Until the 
precise character of the complicated photodielectric effects has been clarified, 
it would be preferable to carry out experiments on single crystals rather than 
on powdered phosphors; this is essential for elucidating the mechanism of the 
photodielectric effect of the first order and for checking present concepts con- 
cerning diffusion effects. 
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CLOSING ADDRESS 
- V.L. Levshin 


uze Ninth Conference on Luminescence, devoted to crystal phosphors, has com- 
pleted its work. The Conference has been very successful; there have participated 
in its work 325 delegates from many scientific and industrial organizations. 

In my closing remarks I would like to share with you my impressions of the 
work accomplished. It seems to me that the Ninth Conference differs in some re- 
Spects from preceding conferences on luminescence. 

First, it must be noted that in many reports there was evinced much deeper 
penetration into the essence of the investigative processes than was possible 
earlier. The use of new, improved methods of investigation which I mentioned in 
my opening address, and which had scarcely been used earlier, has yielded worth- 
while results. 

Investigation of structureless spectra with wide luminescence bands and of 
strongly scattering powders hindering precise determination of absorption is gradu- 
ally giving place to investigation of the luminescence of single crystals and sub- 
limated films. In working with cubic crystals at low temperature it has proved 
feasible to observe fine line structure in the luminescence spectra and splitting 
of the luminescence and absorption bands. Absorption spectra with discernible 
fine structure have also been obtained in investigating sublimated films. These 
new data have been utilized for elucidating the nature and structure of lumines- 
cence centers, the character of elementary emitting systems and of the mechanism 
of luminescence. 

Detailed investigation of the effect of impurity centers in organic crystals, 
connected with determination and investigation of the fine structure of these spec- 
tra, have made it possible to establish the similarity between many luminescence 
processes in organic luminophors and inorganic crystals. 

The possibility of detailed investigation of luminescence centers, highlighted 
in a number of reports presented at the Conference, is a great step forward. 

Another distinctive feature of the Ninth Conference is the tendency to give 
more profound theoretical interpretations of observed processes. We have heard 

a number of theoretical communications, the purpose of which was to clarify the 
kinetics of phosphor luminescence. This is to be applauded. One must, however, 
note a certain degree of abstraction in the theoretical studies. Most of these 
investigations are confined to ideal cases of luminescence and do not extend to 
direct application of the theoretical results to quantitative explanation of ex- 
perimental data. 

Experimenters on their side fail to utilize the calculations of theoretical 

scientists, partly because use of the new formulas requires carrying out special 
experiments aimed at determining various constants and partly because the approxi- 
mate theoretical formulas are not directly applicable to quantitative explanation 
of experimental data obtained under nonideal conditions for nonideal phosphors. 
| Despite this, the appearance of a number of theoretical contributions on the 
‘kinetics and structure of luminescence centers, on the one hand, and of highly re- 
fined experimental studies,on the other hand, gives reason to hope that in the 
future experimental and theoretical investigations will draw closer together and 
that we will attain a deeper understanding of the processes occurring in crystal 
phosphors. 

Turning to research involving individual classes of crystal phosphors, we 
cannot fail to note the significant advances in the investigation of alkali halide 
phosphors. This is explained, on the one hand, by the favorable properties of 
phosphors of this class, and,on the other hand, by the concentrated attention of 
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a number of groups of scientific workers to luminophors of this type. 

Less attention in recent years has been paid to phosphors of the zinc sul- 
fide type. Yet this class of luminophors came under investigation in the Soviet 
Union before alkali halide phosphors and is more important from the practical 
standpoint. However, owing to the great complexity of the problem, investigation 
of the luminescence of zinc sulfide has proceeded more slowly. Practical consider: 
ations indicate that research on the development of ZnS luminophors must be empha- 
sized. Undoubtedly the advances made in the field of alkali halide phosphors will 
be of help in understanding the more complex problem of the luminescence of ZnS 
phosphors. Zinc sulfide phosphors, however, have a number of distinctive charac- 
teristics and one cannot simply extend the results obtained for alkali halide phos: 
phors to this class of luminophors. 

Even less attention in recent years has been given to study of other classes 
of luminophors. One can only regret the inadequate development of work on lamp 
phosphors, in particular, halophosphate phosphors. In view of the ever increasing 
use of fluorescent lighting, it is essential to give great attention to the in- 
vestigation of processes occurring in lamp luminophors and to synthesis of new 
luminophors of this type. 

In the field of chemical investigation of crystal phosphors one may note the 
gradual transition from empirical methods of obtaining luminescent compounds to 
development of new theoretical ways of arriving at the synthesis of luminophors, 
taking into account thermodynamic considerations and the specific properties of 
different crystal structure. 

The Conference reports reflect substantial development of research in the 
field of electroluminescence; it must also be noted that the character of the in- 
vestigations in this field has changed. Earlier the work in this field was purely 
technical in character and aimed at developing sufficiently bright electrolumino- 
phors and investigating the basic properties of electroluminescence, whereas now 
the center of gravity has been transferred to investigation of the nature of the 
effect and the kinetics of the processes involved in electroluminescence. 

Finally, one must regretfully note the fact that there is a significant de- 
crease, as compared with previous conferences, in the number of reports on practi- 
cal applications of crystal phosphors. Yet the number of unsolved questions in 
the field of practical application of luminescence has increased rather than de- 
creased. We should have expected new proposals on uses of crystal phosphors, re- 
ports on development of various new industrial luminophors and descriptions of 
new equipment for testing phosphors. Unfortunately, there have been very few re- 
ports on these topics. Even a number of familiar applications of luminescence 
have not been touched upon in any of the reports presented at the Conference. 

In their report on fluorescent lighting, the representatives of the Moscow 
Electric Lamp Plant (D.P.Troshenskii) and of the All-Union Light Engineering Insti- 
tute (V.I.Dolgopolov) expressed sharp disagreement as regards their views on the 
present state of the question of measures to be taken towards improvement of fluo- 
rescent lamps. 

It seems to me that questions of technology of luminescent screens and layers 
for different practical purposes and also questions of coating and deposition of 
luminophors play a significant role where the potentialities of practical utiliza- 
tion of luminophors are concerned. Hence it is to be hoped that industrial insti- 
tutes and laboratories will pay due attention to the development of new luminophor: 
for lamps, color television, cathode-ray tubes and the like and to development of 
methods of deposition and fabrication of high quality screens; it may also be hope 
that there will be developed better coordination between industrial and scientific 
organizations. The Council on Luminescence and its commissions on practical prob- 
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lems should give serious attention to this matter. 

' Comrades! Representatives from a large number of different organizations 
from all parts of the Soviet Union have been gathered at our Conference. The 
Conference gave a clear general picture of the present state of work in the field 
of crystal phosphors in the Soviet Union, which should be of great value for every 
scientific worker and every researcher in industry in choosing the direction of 
his further work. The Conference will undoubtedly have a favorable effect on con- 
cordance of activities in individual laboratories with the general work on lumi- 
nescence and on rapid assimilation of the new methods of investigation described 
in the various reports presented at the Conference. In view of the wide scope of 
investigations in the field of luminescence in the Soviet Union exchange of views 
and experience is extremely important and the role of our conferences in this re- 
spect is impossible to overrate. 

Allow me to thank, in the name of all those gathered here, our hosts, the 
physicists of Kiev, who have expended much effort on insuring the success of the 
Conference. Our thanks go particularly to Prof.A.A,Shishlovskii, member of the 
Organizing Committee and head of the Department of Physics of Kiev State Universi- 
ty, and I.T.Shvets, Director of Kiev State University, who made it possible to 
meet in the University halls. We also want to thank the directors of the Physical 
Institute of the Ukrainian SSR Academy of Sciences for permission to inspect the 
Laboratory of the Institute. 


Finally, we want to express our sincere gratitude to the Secretariat of our 


Conference who worked so hard to insure its success and who have made our stay in 


Kiev not only useful in the scientific sense but also pleasant for all partici- 
pants in the Conference. 
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THIN MAGNETIC FILMS IN PRESENT DAY PHYSICS AND ENGINEERING 
-~ K.M,.Polivanov & A.L.Frumkin 


; The term "thin magnetic films" is used to describe layers of ferromagnetic 
substances with a thickness of the order of 103 A and possessing a number of dis- 
tinctive magnetic properties differing from those of bulk specimens of the same 
substances. The principal distinctive features of thin magnetic films are the 
following. 

1. Ferromagnetic films are only one domain thick, and under static condi- 
tions the magnetization vector lies in the plane of the film. 

2. The demagnetizing factor of films in their plane is very small (of the 
order of 10-4-10-5), and in the direction normal to the film equals unity. 

5 3. No eddy currents exist in thin films, at least up to super-high frequen- 
cies. 

4. Owing to the distinctive character of the domain structure, the natural 
ferromagnetic resonance frequency in films is 10 to 100 times higher than in 
equivalent bulk ferromagnets; accordingly, the permeability of films remains 
great at high frequencies. 

5. Ferromagnetic films are characterized by a high switching rate in pulsed 
and sinusoidal fields, and the switching loss is low. 

6. Many films are characterized by pronounced magnetic anisotropy in their 
plane. 

7. Many films have a rectangular hysteresis loop. 

The thickness range from 60 to 6000 A is noteworthy in being a transition 
range in that at higher thicknesses ferromagnetic layers as regards magnetic pro- 
perties approach bulk specimens, while for smaller thicknesses ferromagnetism 
gradually disappears. 

The development of nonmetallic ferromagnets (ferrites) was the culmination 
of one line of research in the field of high-frequency magnetic materials, that 
directed at obtaining ferromagnets with a maximum resistivity. Analogously, the 
development of ferromagnetic films was the culminating point of another line of 
‘research, namely, the preparation of thin-layer ferromagnetic materials. In both 
cases the absence of significant eddy currents greatly extended the potential 
scope of applications in radio and high-frequency engineering. But in view of 
their distinctive features, particularly their domain structure and switching 
dynamics, thin films opened a new avenue of research both as regards investiga- 
tion of basic physical regularities and as regards unusual practical applications. 

There are a number of reasons for the present exceptional interest in the 
physics of thin films. 

In thin films the substance is essentially in a “two dimensional" state, 
i.e., one of the dimensions is much smaller than the other two. As a result, in 
the case of thin films we encounter new physical effects, investigation of which 
allows drawing deductions important for solid state theory in general and for the 
physics of ferromagnetic phenomena in particular. Thanks to the "two dimension- 
al" character of thin films one can employ experimental procedures that are in- 
applicable for bulk ferromagnets. Among these, for example, are investigation 
of domain structure by passing polarized light through semitransparent films. 

A number of physical effects have been discovered or investigated more thorough- 
ly in experiments with ferromagnetic films. Such, for example, are spin waves 
in films and the appearance of a constant voltage on the ends of the film in a 
‘super-high frequency field, selective transparency of thin layers, the phenomen- 
on of ordering of the crystal structure of a metal deposited on a thin film, etc. 
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Of great interest from the standpoint of solid state theory is investigation of 
the mechanism involved in the influence of magnetic fields on a film during its 
formation, i.e., the mechanism leading to uniaxial anisotropy. Among the most 
important technical applications of thin films are their use BS Memory and logic 
elements in high-speed computers. A particular but highly promising case is the 
use of such elements in devices operating on the principle of parametric excita- 
tion. An advantage of film memory elements as compared with ferrite components 
is their high speed. There have already been described in the literature film 
type storage devices with an access time of 0.5-1 usec, and the possibility for 
further reduction of the access time has not been exhausted. At the same time, 
the use of films brings to the fore a number of new problems. For example, the 
necessity of detecting and utilizing very week magnetic fluxes makes it necessary 
to develop highly sensitive equipment, reduce air inductances, etc. In connec- 
tion with magnetic films it is not only logical but frequently necessary to use 
printed circuits, film transistors and similar components. In principle, films 
make it possible to realize computers and similar systems with a great storage 
capacity, high reliability and capabilities for continuous and fully automatic 
production control. In addition to qualitative improvement of the parameters of 
extant computers, thin films in conjunction with other miniaturized memory and 
control elements offer great possibilities for designing systems of much greater 
intricacy and complexity than now available. The realization of such devices, 
approaching the potential capacity of the human brain, will be a significant 
jump forward in computer technology and science in general. 

The great advances made in the investigation and application of thin films 
are in no small measure due to improvement in the methods of preparing such films. 
At present thin films of ferromagnetic metals on insulating or metal substrates 
as well as in the free state are prepared by vacuum or electrolytic deposition. 
Each procedure has its own advantages and, when advanced techniques are employed, 
yield films of equal quality. There are, however, possibilities of further im- 
provement of both procedures. Moreover, there is reason to expect development 
in the near future of new and radically different methods of preparing thin films. 

Among the different films, the most thoroughly studied (but still inadequate- 
ly) are thin films of Permalloy type alloys, which have already found extensive 
practical application. There have been prepared and used to some extent films 
of other metallic alloys and ferrites (the last are generally of somewhat great- 
er thickness). Under intensive study are magnetically hard films of Mn-Bi alloy 
which allow of realizing (on the basis of a different principle of operation from 
that obtaining in the case of Permalloy films) memories with a great capacity. 

It may be said without exaggeration that present achievements in the field 
of thin films are one of the major break-throughs of modern science, comparable 
to such achievements as the development of semiconductor electronics and the 
introduction and use of ferrites and solid state amplifiers (masers). There can 
be no doubt that thin films will be a determining factor in the future technical 
development of radio engineering and computer technology. 

The bibliography at the end of this article, which includes contributions in | 
the field of physics, methods of investigation, technology and use of thin films, 
is far from exhaustive. Unfortunately, investigation of films carried out in 
the USSR are still not adequately represented in the scientific literature. The 
present collection of reports is intended to help fill this gap. 
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INFLUENCE OF THE TECHNIQUE OF PREPARATION AND THICKNESS OF THIN FERROMAGNETIC 


FILMS OF Fe-Ni-Mo ALLOY ON THEIR DOMAIN STRUCTURE 
- L.V.Kirenskii & V.A.Buravikhin 


Thin ferromagnetic films are of interest from the standpoint of both theo- 
retical physics and practical application. They are essentially two-dimensional 
and their properties differ from the properties of bulk, three-dimensional speci- 
mens. Specially prepared ferromagnetic films possessing uniaxial anisotropy, 
rectangular hysteresis loops and low coercive force, and characterized by a much 
higher rate of magnetization switching than ferrite cores can be used as storage 
elements in computers and control systems. 

The rectangularity of the hysteresis loops of thin ferromagnetic films and 
the variation in their intrinsic coercivity with thickness are largely explained 
by the distribution of the magnetization vectors in the domains and the method 
of their preparation. The direction of the easy magnetization axis in films can 
readily be determined from the orientation of the domain structure. 

Hence detailed investigation of the domain configuration of ferromagnetic 
films as a function of the conditions of preparation, thermomagnetic annealing, 
chemical composition and thickness, and study of the behavior of their domain 
structure in a magnetic field can be of help in choosing the most suitable and 
efficient elements for storage devices. 

Some questions involved in the theory of the domain structure of thin ferro- 
magnetic films have been considered in the work of Kittell and Kaczer2. A number 
of authors have developed techniques for observing domain structure3,4 and study- 
ing magnetization reversal5-8 in thin ferromagnetic films. Aside from the work 
of Williams & Sherwood8 , there have been relatively few studies of the influence 
of the conditions of preparation and the thickness of ferromagnetic films on the 
domain configuration. In the present work we investigated the influence of the 
conditions of preparation, the thickness and magnetic annealing on the domain 
structure of films of 80% Ni + 17% Fe + 3% Mo alloy. 


Experimental procedure 


The films were prepared by volatilization of the Ni-Fe-Mo alloy from tung- 
sten crucibles. Each crucible charge was completely vaporized. The films were 
deposited in a vacuum of 7-107© mm on polished glass plates measuring 1 x 10 x 
x 40 mm. Prior to evaporation, the substrates were cleaned by means of a soap 
solution, potassium bichromate and alcohol, and outgassed by heating in vacuum 
to 450-500°. Most of the films were deposted in the presence of a magnetic field 
produced by a pair of Helmholtz coils. The field was aligned with the plane of 
the film. There were prepared films: : 

a) on substrates heated to 350° in the presence of magnetic fields of 125, 
100, 75, 50, 25 and 4 oersted, 

b) in an orienting field of 100 oe on substrates heated to 420, 350, 150 
and 50°, and 

c) films of thickness varying from 6150 to 140 A at a substrate temperature 
of 350° in a magnetic field of 100 oersted. 

The thickness of the films was measured by the optical procedure developed 
by Shklyarevskii9, The domain structure was brought out by the powder technique 
the powder patterns being observed and photographed with an MBI-6 microscope. 

The direction of easy magnetization in the films coincided with the direc-— 
tion of the magnetic field applied during the deposition. 
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Effect of the angle between the demagnetizing field and the axis 
of easy magnetication 
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f Fig.1. Influence of a demagnetizing field on the domain 
c structure of a 1200 A film. Film prepared in a 100 oe 
field; substrate temperature 350°; easy magnetization 
axis horizontal. 


Fig.1 shows Bitter figures obtained on a film of 1200 A thickness after de- 
Magnetization by an alternating field of decreasing amplitude, applied at angles 
of O, 30, 60 and 90° to the easy direction. It will be evident from the photo- 
graphs that the number of domain walls increases with increase of the angle be- 
tween the demagnetizing field and the axis of easy magnetization, while the ori- 
entation of the walls remains the same, i.e., parallel to the orienting field ap- 
plied during deposition. 


; Effect of the preparation field on the domain structure 


/ The influence of the magnetic field applied during preparation of the films 
on the domain configuration was investigated on films of approximately the same 
thickness deposited on substrates heated to 350° in the presence of magnetic 
fields of different strength. It will be evident from the photographs reproduced 
in Fig.2 that in the film prepared in the presence of a 125 oe field the walls 
are parallel to this field. The parallelism of the walls extends over virtually 
the entire film, a slight curvature being discernible only at the edges. In the 
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Fig.2. Influence of the magnetic field applied during deposition on 
the domain structure. Substrate temperature 350°; easy magnetization 
axis vertical. 


film prepared in the presence of a 100 oe field there is evident some bending of 
the walls, but none of the walls merge within the area of the film. The walls 
are also relatively parallel in films obtained in fields of 75 and 50 oe, but 

in this case there are breaks in the walls and there appear wedge-shaped domains. 
The undulation of the walls is appreciable in the film prepared in a 50 oe field. 
In the film obtained in a 25 oe field the walls become still more sinuous and in 
fact intersect each other. 

In the film deposited in the absence of an orienting field there is still 
an easy magnetization direction which is apparently associated with the field 
produced by the substrate heater and vaporizer. Our measurements showed that 
this field equals approximately 4 oe, and in the film prepared in this field 
there is evident even greater distortion and interweaving of the walls. 


Influence of substrate temperature on the domain structure 


The films for these experiments were prepared in an applied field of 100 
oe onto substrates heated to different temperatures. It will be evident from 
the photographs reproduced in Fig.3 that at substrate temperatures of 420, 350, 
150 and 50° there were obtained films with a clearly evident domain structure 
oriented parallel to the applied field. In each case the domain structure was 
photographed 1 hour after preparation of the film. Films prepared on substrates 
heated to under 100° are mechanically unstable and oxidize rapidly. After the 
passage of 10 days the domain structure of these films is poorly evident or dis- 
appears entirely. In contrast, in the case of films deposited on substrates 
heated above 200° the domain structure is clearly discernible both immediately 
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Fig.3. Influence of the substrate temperature on the domain structure 


of thin films. Preparation field 100 oe; easy magnetization axis ver- 
tical. 


after deposition and three months later. These films are chemically stable and 
mechanically strong. 


Influence of film thickness on the domain configuration 


The thickness is one of the principal factors affecting the ferromagnetic 
properties of thin films, in particular the domain configuration. In this part 
of the study we observed the powder patterns on films up to 6150 A thick. The 
photographs reproduced in Fig.4 show the domain structure of films of different 
thickness prepared on substrates heated to 350° in a 100 oe field. It will be 
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Fig.4. Domain configuration of films of different thickness. Films 
prepared in a 100 oe field; substrate temperature 350°; easy magnet- 
ization axis vertical. 


evident from the photographs that the domain walls in films from 6150 to 1340 A 
thick are almost parallel lines oriented in the direction of the applied field. 
In films of 1200 to 800 A thickness, in addition to the more or less parallel 
walls, there are present curving walls, i.e., there appear domains in the form 
of wedges and loops. With further decrease of the film thickness, the walls be- 
come even more distorted and there are frequently observed zigzag boundaries. 
Moreover, in the thickness range from approximately 800 to 200 A in films of the 
investigated alloy there are observed 180° walls traversed at definite intervals 
by "cross-ties", short transverse streaks with free ends. The spacing of these 
cross-ties and their length depend on the thickness of the film. The cross-ties 
are more closely spaced and become shorter with decrease in the film thickness. 
In 200 to 140 A thick films the walls are greatly distorted; in this thickness 
range there are observed domains of different size and shape. 

The curvature of the walls and the appearance of walls in the direction of 


difficult magnetization with decreasing film thickness can be explained by weakly 
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pronounced uniaxial anisotropy, low saturation magnetization, greater inhomogen- 
eity of the films at the edges as compared with the central portion and by local 
stresses, which naturally are more strongly evinced at the edges of the films. 


Effect of thermomagnetic annealing on the orientation of 
te 
the easy magnetization axis 


Films 530, 880 and 1200 A thick prepared on an unheated substrate in the 
presence of a 100 oe field had their axis of easy magnetization parallel to this 
field. These films were then annealed in a vacuum of 2°10-5 mm Hg for an hour 
at 450° in a 500 oe field. The annealing field was aligned with the plane of 
the film and directed at different angles relative to the easy magnetization axis. 
In all cases the powder patterns showed that heat treatment in the magnetic field 
changed the direction of the easy magnetization axis, reorienting it in the direc- 
tion of the field applied during annealing. 


Institute of Physics, 
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Krasnoyarsk State Pedagogical Institute 


References 


1. C.Kittel, Phys.Rev., 70, 965 (1946). 

2. J.Kaczer, Ceskosl.casop.fys., 7, 516 (1957). 

3. C.A.Fowler & E.M.Freyer, Phys.Rev., 104, 552 (1956). 

4. M.Prutton, Philos.Mag., 4, 1063 (1959). 

5. C.A.Fowler, E.M.Fryer & Z.Stevens, Phys.Rev., 104, 645 (1956). 
6. R.W.Olmen & E.N.Mitchell, J.Appl.Phys., 30, 258 (1959). 

7. C.E.Fuller, J.Phys.et radium, 20, No.2-3, 310 (1959). 

8. H.Williams & R.Sherwood, J.Appl.Phys., 28, 548 (1957). 

9. I.N.Shklyarevskii, Optika i spektroskopiya, 5, 617 (1958). 


- 578 - 


DOMAIN WALLS IN THIN FERROMAGNETIC FILMS 
- L.V.Kirenskii & V.A.Buravikhin 


In recent years there have been published a number of studies devoted to 
the structure and energy of domain walls in thin ferromagnetic films.°~ 

It has been established theoretically that in the relatively thick ferro- 
magnetic films the behavior of the magnetization vector in the wall layer is the 
same as in bulk ferromagnetic crystals. In the case of 180° neighbors the mag- 
netization vector (in the process of reversal) gradually changes its direction 
from 0 to 180°, while remaining in the plane of the wall layer. In accord with 
the established terminology we shall refer to walls of this type as Bloch walls. 

In thinner ferromagnetic films the magnetization vector in a 180° wall may 
not lie in the plane of this layer. Such walls may exhibit diverse types of 
structure. For brevity, we shall call walls of this type Néel walls. 

In some cases there is observed twinning of the walls, i.e., formation of 
double boundary layers which consist of a system of two close walls. To both 
sides of such a wall the magnetization is oriented in the same direction. Upon 
the application of a field in the opposite direction, the field splits and there 
form domains of opposite magnetization. 

In the present work we investigated the polarity of the walls in thin ferro- 
magnetic films of different composition and thickness. 

Most of the experiments were carried out with thin ferromagnetic films of 
80% Ni + 17% Fe + 3% Mo alloy. The films were prepared by vacuum (2°10-5 mm Hg) 
evaporation onto glass substrates heated to 3509. Uniaxial anisotropy was real- 
ized by application of a 100 oersted field during deposition. The thickness of 
the films was determined on a universal UM-2 monochromator by means of lines of 
equal chromatic order (Shklyarevskii's techniquell). The walls were observed by 
the magnetic suspension method (powder patterns) with the aid of an MBI-6 micro- 
scope. Prior to investigation the films were demagnetized. 
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Fig.1. Wall polarity evinced as a result of application of a magnetic 

field normal to the plane of the film. Fe-Ni-Mo alloy film 1450 A 

thick. 


The domain structure of an Fe-Ni-Mo film 1450 A thick is shown in Fig.1. In 


the absence of a field the domain structure of this film consists of almost plane- 


parallel domains with clearly evinced thin walls. Upon the application of a 220 
oe field normal to the plane of the film the magnetic powder particles collect 
preferentially at every other wall. Upon reversal of the applied field the walls 
which were weakly evident become sharp and vice versa. This behavior was observ- 
ed for a large number of different specimens and is evidence of the alternating 
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thick iron film. 


polarity of Bloch walls in thin ferromagnetic films, which in general is not ob- 
served for bulk ferromagnetic crystals. 

Alternating polarity of neighboring walls is observed not only in the case 
of rectilinear or almost rectilinear walls but also in the case of zigzag walls. 
This is shown for an iron film 1230 A thick in Fig.2. 

A different case is shown in Fig.3. Here the walls in a cobalt film 470 A 
thick upon application of a 300 oe or higher field normal to the plane of the 
film do not exhibit the above mentioned alternating polarity. The same behavior 
was observed in the case of cobalt and Fe-Ni-Mo film less than 500 A thick and 
iron films less than 250 A thick. 
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Fig.3. Same polarity of walls in a cobalt film 470 A thick. 


Obviously, the structure of the wall layers in such films is different from 
that in thicker films: here we are dealing with Néel type walls. In the case of 
such walls upon the application of a normal field there is sometimes observed an 
increase in the sharpness of all the walls, while sometimes the sharpness of the 


4 walls in the powder patterns remains virtually the same. 


Fig.4 shows the domain structure of a 560 A thick Fe-Ni-Mo alloy film with 


characteristic double walls. In the absence of a normal field the pattern con- 


sists of almost straight rather heavy lines. Upon the application of a normal 
field, it becomes evident that the double wall layer actually consists of two 


walls of different polarity. In a -10 oe field all the upper boundaries are 
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Fig.4. Double walls in an Fe-Ni-Mo alloy film 560 A thick. 


sharply evinced, while the lower ones are barely distinguishable. In a +10 oe 
field, on the contrary, the lower boundaries stand out sharply while the upper 
ones become faint. Thus, in accord with Kaczer's theory? the double boundary 
layer consists of a system of two close Bloch walls of opposite polarity. 


Conclusions 


1. Twin interdomain boundaries in thin ferromagnetic films are Bloch walls 
of opposite polarity. 

2. Bloch walls in thin ferromagnetic films have alternating polarity, which 
makes it possible to detect the presence of such walls by application of a field 
normal to the film and changing the polarity of this field. 

3. With decrease in the film thickness, beginning with a certain critical 
value depending on the composition of the film, there are formed Néel type walls. 
These walls do not exhibit alternating polarity and upon the application of a 
normal field of either polarity may become more clearly evinced. 
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DOMAIN STRUCTURE AND COERCIVITY OF THIN FERROMAGNETIC FILMS 
~ L.V.Kirenskii, V.A.Buravikhin & A.G. Zvegintsev 


There have been published a number of theoretical and experimental investi- 
gations of the thickness dependence of the magnetic properties of thin ferromag- 
netic films.1-9 

The present work was concerned with experimental investigation of the domain 
dynamics of ferromagnetic films in a magnetic field as a function of the thick- 
ness and of the correlation between the coercive force and the character of the 
domain dynamics. It was established that the coercivity and the direction of 
easy magnetization are affected by annealing in a magnetic field. The investi- 
gation was carried out on films of 80% Ni + 17% Fe + 3% Mo alloy. 


Experimental Procedure 


The ferromagnetic films were prepared by evaporation of the Ni-Fe-Mo alloy 
in a vacuum of 8-1076 mm Hg from a tungsten crucible onto polished glass slides 
measuring 1 x 10 x 40 mm. Each crucible charge was fully vaporized within 30- 

40 sec. In view of this it may be asserted that the composition of the deposited 
film could differ only insignificantly from the initial composition. The evapo- 
ration was carried out in a 100 oersted field produced by a pair of Helmholtz 
coils. The field direction was parallel to the plane of the films. The easy 
magnetization axis in the films was aligned with this field. The ferromagnetic 
films intended for investigation of the domain structure and coercive force as 

a function of the film thickness were deposited on glass substrates heated to 
300°. The other tilms were prepared on substrates at room temperature. The film 
thickness was measured on a universal UM-2 monochromator by means of lines of 
equal chromatic order.19 An MBI-6 microscope was used for observing and photo- 
graphing the powder patterns. The films were demagnetized by means of a decreas- 
ing ac field aligned with the axis of easy magnetization. In the annealing ex- 
periments the annealing was carried out in a vacuum of 2-10-95 mm Hg in a 500 oe 
field parallel to the plane of the film. The coercive force was measured by the 
‘ballistic technique. 


Experimental Results 


Dependence of the domain structure, its variation in a magnetic field and 
the magnitude of the coercive force on the film thickness 


The domain structure of a series of cobalt films of different thickness in 
the demagnetized state is shown in Fig.l. It will be evident from the photo- 
graphs that with decrease in the film thickness the size of the domains increases 
and the walls show a greater tendency to distortion. In the 150 A thick film 
there was visible only one wall dividing the film into two domains. In films | 
thinner than 150 A no domain structure was observed, although films 110 and 80 A 
thick exhibited ferromagnetic properties. Probably these were single domain 
films. 

The variation of the domain structure of cobalt films in a magnetic field 
may be described as follows. 

; 1. Up to a certain critical field, the magnitude of which depends on the 
film thickness, the domain structure does not change. 

2. In fields above the critical value the magnetization of films 800 A and 
more thick is realized by wall motion.& 
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Fig.1. Domain configuration of cobalt films of different thickness. 
Films deposited on glass substrate heated to 300° in a 100 oe field; 
easy magnetization axis horizontal. 


Fig.2. Variation of the domain structure by wall 

movement and rotation processes in a cobalt film 

720 A thick prepared by deposition on a substrate 
heated to 300° in a 100 oe field. Applied field 

and axis of easy magnetization horizontal. 


3. In films from ~8s00 to 
500 A thick upon increase of 
the field above the critical 
value there appear in the do- 
mains disadvantageously ori- 
ented relative to the field 
new walls at right angles to 
the principal walls. This 
apparently occurs because 
individual parts of the dis- 
advantageously oriented do- 
mains undergo changes in the 
magnetization vectors by ro- 
tation and the forming sub- 
domains are separated by new 
walls. With further increase 
of the field there is a barely 
noticeable displacement of the 
walls and abrupt, discontinu- 
ous break-up of these domains 
to the point of complete dis- 
appearance. The successive 
steps in this process in the 
case of a 720 A thick cobalt 
film are shown in Fig.2. 

4. In the case of films 
~500 to 150 A thick no wall 
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motion is observed, but at a cer- 
tain field value there appear in 
the disadvantageously oriented 
domains new walls perpendicular 
to the principal walls. Reversal 
of the magnetization of these do- 
mains proceeds by break-up, i.e., 
apparently by rotation. The be- 
havior of the domain structure in 
the case of a 480 A cobalt film is 
illustrated in Fig.3. Magnetiza- 
tion reversal in single domain 
films also apparently occurs by 
uniform rotation of the magnetiza- 
tion vector. 
The variation of the coercive 
force of cobalt and iron films as 
a function of their thickness is 
shown in Fig.4. From the above 
data on the behavior of the domain 
structure and the data of Fig.4 it 
follows that when the magnetization 
H=134.400 4-19950 ##of the film is realized by wall 
Olum _ movement, the increase in coercive 
- force with decrease in film thick- 
Fig.3. Variation of the domain structure by ness is relatively slow. In cases 
rotation processes in a 480 A thick cobalt when, in addition to barely notice- 
film deposited on a substrate heated to 300° able wall motion, magnetization is 
in a 100 oe field. Applied field and axis realized primarily by rotation pro- 
of easy magnetization horizontal. cesses, the coercive force rapidly 
increases with decreasing thickness. 
It attains a maximum value in single domain films. With further decrease in the 
film thickness, the coercive force decreases. This can be explained by the gener- 
al decrease of the magnetization itself. This correspondence between the coer- 
‘ceive force and the behavior of the domain structure in a magnetic field as a func- 
tion of the film thickness was also observed in the case of iron films and films 
of 80% Ni + 17% Fe + 3% Mo alloy. The film thickness dependence of the coercive 
force for Fe-Ni-Mo is shown in Fig.5. 
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Effect of vacuum annealing in a magnetic field on the coercive force 
and the orientation of the easy magnetization axis 


The variation of the coercive force 
of thin iron, cobalt and Fe-Ni-Mo alloy 
films deposited on unheated substrates as 
a function of the annealing temperature in 
a 500 oe field is shown in Fig.6. The 
holding time at the indicated temperature 
in each case was 1 hour. It will be evi- 
dent from the figure that the coercive 
force decreases with increase of the an- 
nealing temperature; this can be explained 
by partial relief of the internal stresses, 
which are particularly high in films pre- 
pared on an unheated substrate. If the 


9 700.200. 300. 400 500 600 t,°C direction of the magnetic field during an- 
nealing does not coincide with the easy 
Fig.6. Variation of the coercive magnetization axis, the initial axis “dis- 
force of iron, cobalt and Fe-Ni-Mo appears’ and there appears a new easy axis 
alloy films as a function of the parallel to the applied field. 


annealing temperature in a 500 oe 
magnetic field. 
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DOMAIN STRUCTURE OF FERROMAGNETIC FILMS PREPARED BY CATHODE SPUTTERING 
- G.V.Spivak, I.G.Sirotenko & R.D. Ivanov 


At present there is need for preparing high quality ferromagnetic films with 
specified parameters. Usually ferromagnetic films are prepared either by vacuum 
evaporation or by electrolytic deposition. The principal shortcomings of the 
first procedure are significant deviation of the chemical composition of the film 
from that of the crucible charge and difficulty in controlling the film thickness. 
The electrolytic technique generally results in some degree of contamination of 
the formed films. 

Reimer1 prepared nickel films by cathode sputtering and investigated the 
thermal transformations in such films by electric measurements and electron micro- 
scopic observation. Siddall2 considered the characteristics of cathode sputter- 
ing for preparing oxidized films and films of noble metals and developed a method 
of cathode sputtering in an alternating field. 

It must be noted that earlier experiments? aimed at obtaining films by cath- 
ode sputtering were not free of faults. The sputtering was realized with weak 
currents in a glow discharge at pressures from 0.1 mm to several centimeters Hg. 
Owing to the short free path of the sputtered atoms, part of the sputtered materi- 
al returned to the cathode because of back diffusion. The current densities in 
glow discharges in the inert gases were not high. Hence it was difficult to avoid 
the formation of contaminating layers on the sputtered surface and a long time 
was required for obtaining films of the desired thickness, which also led to some 
contamination and oxidation of the formed film. 

In our experiments we carried out sputtering in the plasma of an intense, 
low pressure (2-107-2 to 10-3 mm Hg) discharge. Under these conditions the free 
path of the sputtered ions was substantially greater than the distance from the 
bombarded target to the substrate. 

The sputtered specimens were introduced into the plasma in the form of a 
third electrode maintained at a high (1 kv) negative potential. To increase 
the discharge current, and consequently, the ion density, we used a hot cathode. 


‘The discharge current was usually of the order of an ampere; the current to the 
sputtered specimen of the order of a milliampere. 


The films were formed on glass substrates located at a distance of 2-3 cm 
from the target. 

The sputtered specimens were disks of ~l em? area. The relative sizes of 
the sputtered target and the substrate insured relatively uniform formation of 
the film in thickness. Our apparatus had provision for successively sputtering 


on several (up to 6) films without interrupting the sputtering process. The film 


thickness could readily be controlled by varying the sputtering time. Hence in 
employing cathode sputtering one can, without difficulty, obtain films of any 


desired thickness. The thickness of the films was measured in a MII-5 microinter- 


ferometer. 

The thickness of Mo-Permalloy (79% Ni, 17% Fe and 4% Mo) films increased 
linearly with time (up to 30-35 min) under the following sputtering pone 
specimen potential 800 v, discharge current 0.75 amp, current density 1.6 ma/cm-, 
pressure 9-10-3 mm Hg. The glass substrates were heated to 100-1259, the tem- 
perature being monitored by a thermocouple. The films were deposited in a 175-200 


‘oe magnetic field in the plane of the film. A significant point is that this 


‘magnetic field also acted to concentrate the plasma in the region of the sputter- 
ed specimen. The films were not subjected to magnetic annealing. 


Mewes ON 


It is known that in the case of deposition by evaporation the composition 
of the films differs to an appreciable extent from that of the initial material. 
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In contrast, chemical and spectroscopic 
analyses of the films prepared by cath- 
ode sputtering showed that their compo- 
sition virtually did not differ from that 
of the initial material (the difference 
did not exceed some tenth of a percent). 
We observed the Bitter figures on a 
800 A thick cobalt film, demagnetized by 
a decreasing alternating field. The di- 
rection of easy magnetization agreed with 
the direction of the forming field. 
Sputtering of silicon iron was car- 
ried out under the following conditions: 
specimen potential 700 v relative to the 


ae cathode, current density 6 ma/cm2, dis- 
Fig.1. Domain structure of silicon charge current 1 amp, pressure 8°10-3 mm 
iron film 1000 A thick. Magnifica- Hg, sputtering time 30, 20 and 10 min. 
tion 250 X. On films of silicon iron (3.3% Si) 


1000 A thick there were first evinced 


c 


Fig.2. Powder patterns on Mo-Permalloy films: a) 800 A, b) 1200 A 
c) 2500 A, d) 3000 A thick. Magnification 250 xX. 


~ 


a 
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wedge-shaped domains oriented in the direction of the field (Fig.1). The princi- 
pal domain walls are interrupted by short transverse boundaries. 

Films of the 79% Ni + 17% Fe + 4% Mo alloy were sputtered on under conditions 
of linear increase of thickness with time. However, sputtering can also be real- 
ized under "forced" conditions, under which the rate of deposition increases 
sharply: discharge current 1 amp, specimen potential 1.2 kv, current density on 
specimen 2.6 ma/cm2, pressure 8-1073 mn Hg. The Bitter figures appearing on the 
surface of Permalloy films of different thickness are shown in Fig.2. 

Huber et al* and Moon® studied the variation of the domain structure of Fe- 
Ni alloys films as a function of thickness. The former proposed a model for the 
formation of domain structure with transverse (cross-tie) walls interrupting the 
main domain boundaries. 

We followed the variation of the domain structure with increase of the film 
thickness up to 3000 A. 

At a thickness of 500 A there begins breaking up of the principal domain 
boundaries by transverse walls spaced at approximately equal intervals. With in- 
crease of the thickness (Fig.2,a & b) the domain structure becomes somewhat coars- 
er; the spikes extend along the field, forming "whiskers'' at the ends. The forma- 
tion of the short cross-ties on the principal wall can be explained by means of 
the mechanism proposed by Huber et al*. Further increase of the film thickness 
(Fig.2,c) leads to evening out of the spikes into parallel walls extending over 
the entire length of the film in the direc- 
tion of the field. The cross-tie walls 
also grow, but not perpendicularly to the 
main walls: they branch off at the main 
wall and extend in the direction of motion 
of the last. In some cases the transverse 
walls extend to connect the main boundaries. 
With further increase of the film thick- 
ness to 3000 A (Fig.2,d) there occurs com- 
plete fragmentation of the principal walls. 
The wall configuration becomes complex with 
no predominant direction. It is difficult 
at present to interpret the observed do- 

ray main dynamics by means of the model pro- 
Fig.3. Powder patterns at points of posed by Huber et al. 
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mechanical damage and inclusions in Williams & Sherwood® showed that vari- 
Permalloy film 2500 A thick. Magni- ous defects (scratches or inclusions) in 
fication 250 X. the case of small film thicknesses remain 


inside the walls or the walls border on 


- the scratches. But with increase of the film thickness (Fig.3) defects become 


& 
~ 


of 


the nuclei of new domain walls, the configuration of which differs in different 
a 
cases‘. 


Conclusions 


1. Materials with any melting point may be subjected to cathode sputtering. 
2. Films of different thickness may be prepared under controlled conditions 


by cathode sputtering. 
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3. Through appropriate choice of sputtering conditions uniform deposition 


is assured. 


4, A particular advantage of cathode sputtering is that by this procedure 
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one can obtain films differing little in composition from the composition of the 
initial material. 
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INVESTIGATION OF THE MAGNETIC STRUCTURE OF THIN FERROMAGNETIC FILMS 
BY MEANS OF THE KERR MAGNETO-OPTICAL EFFECT 
~ L.V.Kirenskii, S.V.Kan & I.F.Degtyarev 


Magneto-optical techniques for observing the domain structure of bulk speci- 
mens, based on application of the Kerr effect, were developed only a relatively 
short time ago.1,2 

By coating the specimen with a layer of dielectric or semiconductor one can 
facilitate visual observation of the domain structure, 34 

Fowler, Fryer & Stevens® carried out successful studies of the magnetic 
structure of thin films, making use of a complicated negative-positive super- 
position procedure. 

In 1959 Prutton® published a brief report describing a procedure and set-up 
for visual observation of the domain structure of ferromagnetic films. However, 
Prutton does not give any significant data on the behavior of the domains. Thus, 
there have been few investigations of the domain structure of films by magneto- 
optical techniques. Published data on the domain structure of thin films have 
been obtained primarily by the powder technique, which has a number of serious 
shortcomings. 

1. The resolving power of this procedure in some cases is limited by the 
size of the powder particles. For example, the width of the powder lines cannot 
be considered to be equal to the width of the domain walls, inasmuch as the par- 
ticle dimensions are commensurate with or may even be greater than the thickness 
of the investigated ferromagnetic film. Hence it is difficult to say to what 
degree the observed powder patterns represent the true magnetic structure of the 
filn. 

2. It is impossible by means of powder patterns to reveal Néel interdomain 
boundaries owing to the absence of a field component along the normal to the sur- 
face of the filn. 

3. It is difficult or impossible to observe the dynamics of rapid domain 
processes owing to inertia of the powder particles. 

4. The powder technique can be used only in a narrow temperature range limit- 
ed by the freezing and boiling points of the suspension. 

Hence there is definite interest in investigating the magnetic structure of 
thin ferromagnetic films by other methods, inasmuch as these may prove to he 
free of some or all of the above shortcomings. In the present work we studied 
the magnetic structure of thin ferromagnetic films by the longitudinal Kerr mag- 
neto-optical technique. 


Specimens and Experimental Procedure 


The thin ferromagnetic films for observation were prepared by vacuum (1075 
mm Hg) evaporation of 17% Fe + 80% Ni + 3% Mo alloy onto polished glass substrates 
heated to 350°C. To realize uniaxial magnetic anisotropy a magnetic field of 100 
_oersted parallel to the surface of the substrate was applied during deposition. 

To permit visual observation and photographing of the domains a thin di- 
electric layer of zinc sulfide was applied by vacuum evaporation onto the films 
heated to 250°. In order to minimize the deranging effect of heating on the an- 
isotropy of the films, a magnetic field of 70 oersted in the same direction as 
during deposition of the metal was applied during evaporation of the zinc sulfide. 
The dielectric layer significantly increases the angle of rotation of the plane 
of polarization, as a result of which the contrast between neighboring domains is 
dncreased sufficiently to permit visual observation. The clearest figures are 
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observed when the ferro- 
magnetic film is coated 
with a zinc sulfide layer 
of such thickness that 
the coating appears light 
brown. In repeat obser- 
vations of the specimens 
three months after pre- 
paration no significant 
changes in the behavior 
of the domains and the 


Fig.1. Diagram of the optical part of the set-up: 1) zinc sulfide coating were 


light source, 2) condensing lens, 3) collimator, 4) noticed. 

aperture, 5 & 6) mirrors, 7) polarizer, 8) specimen, The domain structure 

9) lens, 10) analyzer, 11) prism, 12) viewing eye- observations were carried 
piece, 13) photographic plate. out on films in the form 


of rectangles measuring 
8 x 36 mm and circular disks from 2 to 8 mm in diameter. In the case of the 
rectangular films, the field of observation was limited to the central 7 x 5 mm 
region. The thickness of the ferromagnetic films was determined by the optical 
method developed by Shklyarevskii’. 

The experimental set-up was assembled about an MIM-8M metallographic micro- 
scope. A diagram of the optical part of the set-up is shown in Fig.l. Inasmuch 
as the MIM-8M microscope is assembled on a vertical stand, while for observation 
of the longitudinal Kerr effect one must have oblique incidence of the light, 
the set-up incorporated mirrors (5 & 6 in Fig.1) oriented to direct the light on- 
to the specimen at an angle of 60°. The specimen stage was designed so that the 
specimen could be displaced in two mutually perpendicular directions in its plane 
and rotated about an axis normal to its surface. The set-up also has provision 
for rotation of the electromagnet by means of which a magnetic field was applied 
to the specimen. 

Polarized light passing through the lens 9 and analyzer 10 was reflected 
from the mirror face of prism 11 and entered the viewing eyepiece 12. For photo- 
graphing the patterns the prism was swung out of the way and the light was di- 
rected onto the photographic plate 13 tilted at an appropriate angle to obtain 
a sharp image of the patterns. The photographing was usually carried out with 
fivefold magnification; visual observation, by interchange of the eyepieces, 
could be carried out at magnifications up to 30 x. 


Results of Observation 


The magnetic properties of different batches of film prepared under identi- 
cal conditions proved to be different. We attribute this to the influence of a 
number of uncontrollable factors operating during deposition of the metal film. 

The direction of the axes of easy and difficult magnetization was determined 
by observation of the domain structure realized in demagnetized films. Other 
conditions being equal, the domains in the case of demagnetization along the easy 
magnetization axis assume the shape of elongated formations with parallel edges 
and increase in size. Upon the application of an increasing constant field at 
-an angle of 90° to the direction of easy magnetization, there is observed decrease 
of the contrast between neighboring domains without any noticeable change in their 
configuration (in the case of correct determination of the easy direction) or 
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growth of the more advantageously oriented domains (in case of inaccurate deter- 
mination of the easy direction). Thus by observation of the domain behavior 


during the magnetization one can readil : 
y determine the di 
difficult axes. rection of the easy and 


Effect of the conditions of demagnetization on the domain structure 


Fig.2. Patterns on a 580 thick film obtained with different condi- 

tions of demagnetization: top photograph - slow demagnetization; bot- 

tom photograph - rapid demagnetization. Axis of easy magnetization 
horizontal. 


Films prepared in an orienting magnetic field usually remain in the satura- 
ted state and without preliminary demagnetization no domain structure is reveal- 
ed. For observation the films were demagnetized by an alternating field of de- 

creasing amplitude. 

Photographs of the same section of film demagnetized at different angles 
relative to the easy axis and at different rates of decrease of the alternating 
field are reproduced in Fig.2. According to Fowler et al5, very thin films 
(500 A) are usually single-domain specimens and are very difficult to force into 
the demagnetized state. The film under consideration, which had a thickness of 
580 A, however, was readily demagnetized, which is probably due to its inhomo- 
geneity. One can judge of the inhomogeneity of this film from the character of 
the variation of the magnetic structure during magnetization (see below). With 
increase of the angle between the direction of the demagnetizing field and the 
easy axis in the case of slow demagnetization the figures become finer, more 
irregular and chaotic (Fig.2,a-d) and may assume a slight inclination (Fig.2,b, 
c,f & g) relative to the easy direction. Analogous domain behavior was observed 

for a number of films. In the case of rapid demagnetization (~100 oe/sec) the 
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figures are appreciably 
larger in size (Fig.2, 
e-h) than in the case 
of slow (0.6 oe/sec) 
demagnetization (Fig.2, 
a-d). This difference 
was observed for all 
the investigated films. 
The strong influ- 
ence of the demagnetiz- 
ing conditions of the 
domain configurations 
will be evident from the 
photographs of Fig.3. 
The photographs repro- 
duced in this figure 
(except c) were obtained 
with slow demagnetiza- 
tion. With an angle 
( = 15° between the de- 
magnetizing field and 
the easy direction, the 
antiparallel domains in 
the central part of the 
specimen are fragmented 
into fine figures (Fig. 


an cars as ; 3,b); such figures do 
Fig.3. Figures on a 1100 A thick films obtained during not appear in the case 
demagnetization at different angles. of rapid demagnetization 


in the same direction 
(Fig.3,c). With increase of the angle » the process of fragmentation of the do- 
mains is intensified and extends to the edges of the film. In Fig.3 at opposite 
edges there can still be discerned relatively large dark figures. In the @ range 
from 45 to 90° the entire surface of the film exhibits a fine, chaotic structure 
with weak contrast. It may be noted that in the case of demagnetization along 
the difficult magnetization axis there is established a structure consisting of 
fine straight bands parallel to the easy axis (Fig.3,f). The figures shown in 
Fig.3 (except c) are satisfactorily reproduced in repeat demagnetizations. 


Variation of the domain structure during magnetization 


Six stages in the magnetization of a 580 A thick film with the magnetizing 
field in the direction of the easy axis are shown in Fig.4. 

Upon application of an increasing field, the domain structure in the range 
from 0 to 6 oersted does not undergo any noticeable changes. At a field strength 
somewhat exceeding 6 oersted, the domains magnetized along the field (light fig- 
ures) begin to absorb the antiparallel domains (dark figures) in small discrete 
steps. In the illustrated case, this process of absorption begins in the upper 
right-hand corner of the film and, upon attainment of a field of 6.4 oersted, 
an appreciable part of the upper domain (Fig.4,b) undergoes abrupt magnetization 
reversal, With further increase of the field, the process of discontinuous re- 
versal of the domains magnetized against the field extends downward (Fig.4, c-f£), 


=7993" = 


+Fig.4. Stages in 
magnetization of a 
580 A thick film in 
the direction of the 
easy magnetization 
axis (horizontal). 

Hg = saturation field. 


Fig.5. Process of 
magnetization of 
an 800 A thick 
film at different 
angles relative 
to the easy axis. 
Hs = saturation 
field. _—_—_ 


H=1668 0b 
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which is presumably indicative of inhomogeneity of the film in thickness. In 
Fig.4,f, in the lower left-hand corner, there are discernible small unswitched 
islets blocking the walls of the reversed domains. These islets are probably 


associated with inclusions. 
A distinctive feature of this film is that in it there are no discernible 


wall displacements. 

An entirely different picture is observed in the case of magnetization of a 
uniform film 800 A thick. It proved very difficult to demagnetize this specimen 
in the direction of the easy magnetization axis. For the most part this film 
behaves as a single-domain specimen, persisting in the state of saturation. 

The photographs reproduced in Fig.5 illustrate the process of magnetization 
of this film at different angles @ relative to the easy magnetization axis (the 
light spots in the photograph are due to defects in the zinc sulfide coating). 
In the demagnetized state the structure of this film consisted of antiparallel 
domains (Fig.5,a,d & g) oriented roughly along the direction of easy magnetiza- 
tion, regardless of the direction of demagnetization (in the case of demagnetiza- 
tion in the easy direction there is rarely established a structure of straight 
antiparallel domains). As will be evident from the photograph, with increase of 
the angle @ the domain structure becomes increasingly fine. 

The process of magnetization is realized by smooth movement of the walls 
(Fig.5, a-f). This is clearly evident from a comparison of Fig.5,d and e: the 
domains magnetized against the field (dark figures) have become narrower than 
the same domains in the absence of a field. With increase of the angle @ from 
0 to 80° the general character of the magnetization process does not change, 
put the wall motion is realized more smoothly and in stronger fields. In the 
case of magnetization in the difficult direction no wall movement is observed. 
With increase of the field strength the contrast between neighboring domains 


Fig.6. Process of magnetization of a 1100 A thick film at different 
angles to the easy magnetization axis, which approximately coincides 
with the direction of the figures in photograph a. 
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Fig.7. Process of magnetization of a 1750 A thick film in the direc- 
tion of the easy magnetization axis. 


jecreases but their configuration does not change, which is apparently due to 
rotation of the magnetization vector I; inside the domains.& When the magnetiz- 
ing field reached a value of 6.5 oersted, the figures became almost unnoticeable, 
but upon removal of the field the structure shown in Fig.5,h was re-established; 
this differed, however, from the initial structure (Fig.5,g) in that the dark 
strips became shorter at the right edge of the film. Upon removal of a magnetiz- 
ing field of 20 oersted there is revealed an entirely different and less contrast- 
ing structure (Fig.5,i); an analogous structure is established upon removal of 
fields of up to 500 oersted. 

The photographs reproduced in Fig.6 show the process of magnetization of a 
1100 A thick film. As a result of demagnetization in the easy direction there is 
established a structure consisting of straight antiparallel domains (Fig.6,a,e & 
i). 
; The process of demagnetization in directions close to the axis of easy mag- 
netization is realized approximately in the same way as in the case of the pre- 
ceding film. At angles @ close to 45° the process of magnetization is entirely 
different. With gradual increase of the magnetizing field there is observed 
lightening of the dark bands; this lightening begins at the center of the do- 
mains and extends smoothly towards the edges, as a result of which, instead of 
the dark band there are obtained two dark lines separated by a light gap (Fig. 
6,f). With increase of the field strength this process continues and the lines 
become thinner (Fig.6,g & h). At a certain field strength these lines disappear, 
and upon removal of the field are not re-established. It should be noted that 
the configuration of the domains does not change, and in case of reversal of the 
magnetizing field direction there is observed an analogous picture with light 


bands instead of dark. 
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In case of magnetization in directions close to the axis of difficult mag- 
netization there occurs decrease (equalization) of the contrast of the figures, 
i.e., the dark figures become somewhat lighter, while the light figures become 
darker, but the shape of the domains does not change. This will be evident from 
a comparison of Figs.6,i and j.- Upon removal of the magnetizing field the con- 
trast between the domains is re-established (Fig.6,k). When the field strength 
was brought up to 18 oersted the figures became almost unnoticeable, but upon 
removal of the field they reappeared (Fig.6,1), only the contrast between neigh- 
boring domains became weaker. After removal of a 100 oersted field the figures 
were not re-established. é 

The process of magnetization along the easy axis of a section of 1750 A film 
having the form of a 6 mm diameter disk is shown in Fig.7. 

A predominant role in the magnetization of this film is played by the ap- 
pearance and growth of advantageously oriented domains in the form of spikes. 
Thus at a field of 7.8 oersted at the base of the lower dark band (Fig.7,b) at 
the right edge there appears a nucleus of reverse magnetization in the form of 
a light small wedge (arrow). With increase in the field strength, the number of 
spikes increases and they grow by smooth motion of the walls @Wie.7, c & d)"in 
the direction of the tips of the spikes. With increase of the angle, the spikes 
become finer and are inclined at a slight angle to the field direction. 


Conclusions 


Investigation of the domain structure of thin films of 17% Fe + 80% Ni + 3% 
Mo alloy showed that their magnetic structure is greatly affected by the condi- 
tions of demagnetization. Observations showed that there obtained the following 
regularities. 

1. With increase of the angle between the direction of demagnetization and 
the easy magnetization axis there is established a finer domain structure. 

2. In the case of rapid demagnetization there is revealed, as a rule, a 
structure consisting of large domains, generally of irregular shape. In the 
case of slow demagnetization there is established a fine structure of relatively 
regular domains. 

In investigating the process of magnetization the following was observed. 

1. In thin (500-600 A) and inhomogeneous films the growth of domains more 
advantageously oriented relative to the applied field is realized discontinuous- 
ly, i.e., by jumps, without discernible smooth wall movement. 

2. With increase of the film thickness and of the angle between the applied 
magnetic field and the easy magnetization axis and with increase in homogeneity 
of the films, wall movement becomes increasingly smoother. With magnetization 
in the difficult magnetization direction the configuration of the domains does 
not change but the contrast between neighboring domains is gradually effaced 
(equalized) to the point of complete disappearance upon the attainment of satura- 
tion. Upon removal of the magnetizing field the contrast between domains is 
partially re-established. 

3. In case of application of the magnetizing field at an angle @ = 45° there 
is observed lightening of the dark bands (or darkening of the light bands), which 
begins from the center of the domains and extends towards their edges (to the 
walls) , terminating in the formation of two lines coinciding with the walls. 
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BEHAVIOR OF THE DOMAIN STRUCTURE OF THIN FERROMAGNETIC FILMS IN THE PROCESS OF 
SLOW MAGNETIZATION REVERSAL 
- L.V.Kirenskii & S.V.Kan 


In recent years, particularly after publication of the theoretical work of 
Kittell, there have been carried out extensive studies of the magnetic properties 
of thin ferromagnetic films. One of the core problems in investigating thin films 
is study of the process of magnetization reversal or switching, since this is of 
great practical importance from the standpoint of utilizing such films as computer 
storage elements. Many properties of thin films including the process of magnet- 
ization reversal are connected with changes in their magnetic structure. At 
present there is a considerable amount of information in the literature on the 
structure of thin ferromagnetic films, but these data have been obtained primari- 
ly by the powder pattern technique. There have been few investigations of the 
domain structure of ferromagnetic films by magneto-optical procedures; in fact, 
there has been only one relatively detailed study? in which the authors used a 
complicated negative-positive superposition technique for recording the domain 
structure. 

Recently there appeared a brief report by Prutton’ giving a description of 
a set-up and procedure for visual observation of domains, but the report does 
not give any significant data on the domain behavior. 

In the present work we investigated the behavior of the domain structure of 
ferromagnetic films in the course of slow magnetization reversal by means of the 
longitudinal Kerr effect. Although it is possible that rapid switching and slow 
reversal differ significantly, we believe that our data may give a general idea 
of the character of the processes involved in magnetization reversal. 

The experiments were carried out on films of different thickness prepared by 
the procedure described in Ref.4 (preceding article). Although certain consistent 
changes are observed with increase in the film thickness, it must be noted that 
often even very similar specimens exhibit entirely different properties. This 
can be explained by the fact that many of the properties of thin films are deter- 
mined by so far uncontrollable factors operating during evaporation of the metal. 
Thus for as yet unknown reasons the magnetic properties of different batches of 
film obtained under ostensibly identical conditions proved to be different. Judg- 
ing from the literature it may be concluded that the problem of controlling the 
quality of thin films has not yet been solved and is in fact one of the urgent 
problems in the technology of information storage devices. 

Moreover, the same films behave differently depending on their initial state. 
Thus in the case of uniform films saturated in a very strong field (500 oersted) 
domain structure does not become evident in the process of magnetization reversal, 
and the reversal is realized entirely by rotation of the magnetization vector Ig; 
in the case of inhomogeneous films, in contrast, magnetization reversal always 
begins with the appearance of reverse magnetization nuclei. 

In films saturated in a very strong field both rotation of I, and appearance 
of reverse magnetization nuclei begin in stronger fields than in films saturated 
in a weak field (5-20 oersted). This is probably due to the fact that in satura- 
tion in a strong field most of the incipient reverse magnetization nuclei are de- 
stroyed. 

The photographs reproduced in Fig.l illustrate four stages in the process of 
magnetization reversal of a 580 A thick film in the direction of easy magnetiza- 
tion. With gradual increase of the applied field there appear at the upper right- 
hand edge of the film magnetization reversal nuclei in the form of small light 
wedges or spikes, which grow by small discrete jumps (Fig.1,a). With further in- 
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Fig.l. Four stages in magnetization reversal of a 580 A thick film 
in the direction of easy magnetization. Hs, - saturation field. 
Axis of easy magnetization horizontal. 


crease of the field, reversal is realized not over the entire right-hand edge of 
the film but by abrupt forward jutting of successive spikes from right to left 
across the entire film. This character of magnetization reversal is apparently 
due to the inhomogeneity of the film in thickness. Superficial comparison of 
Figs.1,b & c gives the impression of wall displacement; actually, however, no 
smooth wall motion was observed. It is interesting to note that in Fig.1,d there 
is a small section for reversal of which an appreciable increase in field strength 
was required (by 5 oersted, whereas the rest of the film underwent reversal upon 
increase of the field by only 1.7 oersted). This can be explained by appreciable 
inhomogeneity of the film. Comparing Figs.1l,a-d with Figs.l,e-h, respectively, 
it may be inferred that in the case of return reversal the domain structure is 
fairly accurately reproduced (light figures have been replaced by dark ones and 
vice versa, inasmuch as the vector I, in the domains changed its direction to 

the opposite). 

Upon removal of a saturation field there do not appear magnetization revers- 
al nuclei in the film: it remains in the state of saturation. Thus the behavior 
of the domain patterns shows that the process of magnetization reversal is strong- 
ly dependent on the degree of homogeneity of the film. 

An entirely different picture was observed in the case of reversal of a 
uniform film approximately 800 A thick. Upon application of a field in the easy 
direction, upon attainment of a certain field strength, the entire film abruptly 
“reversed magnetization, i.e., by rotation of the vector Ig. In the case of this 
film it was difficult to obtain reverse magnetization nuclei. To do this it was 
necessary first to demagnetize the film by repeat application of an alternating 
field of decreasing amplitude. Then upon application of a slowly increasing re- 
verse field to the barely saturated film there appeared magnetization reversal 
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Fig.2. Domain behavior in the process of magnetization reversal of 

a homogeneous 800 A thick film with the magnetic field applied at 

different angles © relative to the axis of easy magnetization, the 

direction of which is approximately parallel to the domain walls in 
photograph c. 


nuclei. The magnetization reversal of such a uniform film is illustrated in 
Fig.2 (the light spots in the photograph are due to defects in the zinc sulfide 
coating). Upon increase of the field by some hundredths of an oersted, the walls 
begin to move (Fig.2,b-e). When the field is applied at a certain angle @ rela- 
tive to the easy magnetization axis, reverse magnetization nuclei appear more 
easily; also with increase of the angle @ wall motion is realized more smoothly 
and saturation of the film is attained in stronger fields. 

It should be noted that if the film was saturated in a very strong field 
then with the reversing field applied at an angle ~ = 20-40° magnetization re- 
versal is realized by rotation of the vector I, and no discernible domain struc- 
ture appears. 

The process of magnetization reversal retains approximately the same charac- 
ter up to ~ = 60°; at m = 80° with increase in the field, the number of spikes 
along the edge of the film increases as does their size (Fig.2,i,j) and only at 
H = 4.19 oersted does one spike finally penetrate across the film. In the ~800 A 
thick film the domains were oriented approximately parallel to the easy magnetiza- 
tion axis regardless of the angle 9. 

In the case of a 1100 A thick film with increase of the angle © there was 
observed a marked change in the shape of the figures and in the contrast between 
domains. As a result of slow demagnetization by a decreasing alternating field 
applied along the easy axis there was established in this film a structure con- 
sisting of straight antiparallel domains. 
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Fig.3. Process of magnetization reversal in 1100 A thick film with the 
reversing field applied in the direction of the easy magnetization axis 
(axis approximately horizontal). 


Hy 216,08 


je Ra meee one 
H=16,6 Ge H=202 Ge: H= 26,8 De 
Fig.4. Magnetization reversal in 1750 A thick film under the influence 


of fields applied at different angles relative to the easy magnetiza- 
tion axis (axis approximately horizontal). 
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Magnetization reversal along the easy axis begins with the appearance of 
_spike-shaped reverse magnetization nuclei at the edges of the film (Fig.3,a); 
these grow by smooth wall movements (Fig.3,b) and finally merge (Fig.3,c). The 
unswitched regions in the form of elongated light islands (Fig.3,d) are gradual- 
ly absorbed by the domains oriented along the field. 
The photographs of Fig.4 illustrate the process of magnetization reversal 
in part of a 1750 A thick film in the shape of a disk 6 mm in diameter. A pre- 
dominant role in magnetization reversal of this specimen is played by the ap- 
pearance and growth of spikes. At H = 10.8 oersted there appeared two spikes. 
“With increase of the field the number and size of the spikes increased (Fig.4, 
b). With further increase of the field the individual spikes by smooth wall dis- 
placement traverse the entire film (Fig.4,c) until saturation is attained in a 
field of 16.1 oersted. Upon application of a field at an angle © relative to 
the easy axis the spikes become smaller and tend to be inclined relative to the 
easy magnetization axis (Fig.4, d-f), but the character of the magnetization re- 
versal process remains essentially the same. 
; Olmen & Mitchel15 observed slow domain motion in a uniform Permalloy (78% 
Ni) film 1500 A thick in a constant magnetic field. They observed continuous 
domain wall movement up to complete saturation of the film. The rate of move- 
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ment was found to depend 
linearly on the external 
field; the temperature de- 
pendence was character- 
ized by a power law with 
an exponent greater than 
1 but smaller than 2. 
We, also, in the 
case of all films, except 
the 580 A thick film, ob- 
served slow wall displace- 
ment at a fixed value of 
the applied field. In the 
case of an inhomogeneous 
film the wall motion 
ceased before attainment 
: of saturation. Actually, 
Fig.5. Appearance of spike domains in a 1750 A thick wall motion is not always 
film in a constant field. realized by the appearance 
and growth of a single 
magnetization reversal nucleus, but may occur in conjunction with the appearance 
of a number of new nuclei (spikes). In Fig.5,a there are visible nuclei which 
appeared at a field value of 9.8 oersted. When the field was rapidly increased 
to 11.1 oersted and kept constant at this value for 20 min 13 sec there appeared 
new spikes (Fig.5,b) which grew by smooth wall movement. The process of appear- 
ance of new spikes slows down with time. This will be evident from the follow- 
ing data on the interval between the appearance of new spikes (the spikes are 
numbered beginning with the lowest in Fig.5,b): 


{MM 1. 


Spike No. 1 2 3 4 5 6 7 
Time 20 minl3 sec 15 min 5sec 13min 13 min 40 sec 24 sec 5 sec 2.5 sec 


Investigation of the domain structure of thin ferromagnetic films showed 
the following: 

1. An inhomogeneous film 580 A thick undergoes magnetization reversal in a 
wide range of fields by small discrete jumps without discernible smooth wall mo- 
tion. 

2. A uniform film 800 A thick with the field applied in the direction of 
easy magnetization usually behaves as a single-domain specimen. However, with 
increase of the angle between the direction of the applied field and the easy 
axis the magnetization reversal is more often realized by the appearance of re- 
verse magnetization nuclei and wall displacement. 

3. In the case of all films, except for the thinnest, 580 A film, there was 
observed slow movement of the walls in a fixed constant field. 

4, With increase in the film thickness and the angle between the direction 
of the field and the easy magnetization axis wall movement is realized more 
smoothly and there is also observed better reproducibility of the domain patterns 
in the case of repeat reversal. 
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OF THE DOMAIN STRUCTURE OF THIN FERROMAGNETIC FILMS 


IN A MAGNETIC FIELD 
- L.V.Kirenskii, v.A.Buravikhin & M. K. Savchenko 


VARIATION 


In recent years there have been published a number of reports describing 
the behavior of the domain structure of different ferromagnetic films in the pro- 
cess of magnetization and magnetization reversal. The observations were carried 
out by the powder pattern technique!-3 and by means of the Kerr magneto-optical 
effect.479 These studies, however, do not give anything like a complete picture 
of the complex variation of the domain structure of thin films in magnetic fields. 


The present work was concerned with the behavior of the magnetic structure 
in the process of 


of films of 80% Ni + 17% Fe + 3% Mo and 50% Fe + 50% Ni alloys 
magnetization and magnetization reversal with the field applied along the easy 
magnetization axis. We also studied the variation in the domain structure during 


magnetization in fields applied at different angles to the easy axis. 
Experiment 


The films were prepared by the evaporation procedure described in Ref.6. 
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Fig.1. Domain wall motion in a 2470 A thick Fe-Ni alloy filn. 
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The domain structure was observed by the powder pattern technique by means of an 
MBI-6 microscope. For purpose of further study we recorded motion pictures of 
the domain dynamics at the rate of 12 frames per sec. 

f series of frames from the film recording the variation of the domain struc- 
ture in a 2470 A thick Fe-Ni alloy film in the process of magnetization along 
the easy axis is reproduced in Fig.l. The initial structure was obtained by de- 
magnetization in the same direction. The direction of the easy magnetization 
axis and that of the applied field is given by the arrow under the first photo- 
graph, while the directions of the magnetization vectors in the domains are indi- 
cated on the photograph. It will be evident from the photographs that there is 
no change in the domain structure with increase of the applied field up to 9.3 
oersted. This is a distinguishing feature of magnetization of thin films, as 
compared with the process of magnetization of bulk ferromagnetic specimens, in 
which wall movement begins in very weak fields. 

With further increase of the field wall motion begins; the rate of movement 
of the different walls differs and the movement itself is not smooth but jerky. 
Saturation is attained in a field of 17.6 oersted. 
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Fig.2. Variation of the domain structure of a 760 A thick Fe-Ni alloy 
film in the course of magnetization in the direction of the easy mag- 
netization axis. (Axis horizontal.) 


z Some frames from the film exposed in the process of magnetization of a 760 A 
thick film of the same alloy are reproduced in Fig.2. In the film in the demag- 
netized state thereare discernible domains bounded by walls with cross-ties of 
the type observed by Huber, Smith & Goodenough’. Upon application of a field in 
the direction of the easy axis no noticeable changes occur up to a field value 
of 10.8 oersted. With further increase of the field the cross-ties begin to dis- 
appear, although there is no noticeable displacement of the main walls. In do- 
mains disadvantageously oriented relative to the field there appear cross bounda- 
ries, which develop mainly from the few persisting cross-ties. This apparently 


‘ 
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occurs because in individual parts of the disadvantageously oriented domains the 
magnetization vectors change direction, and the formed "subdomains" became sepa- 
rated by new walls. Upon further increase of the field the disadvantageously 
oriented domains break up, and disappear completely in a field of 14.4 oersted. 


Magnetization Reversal Along the Easy Axis 


The process of magnetization reversal of a 1200 A thick film of Fe-Ni alloy 
is shown in Fig.3. At first the film was magnetized to saturation. Upon removal 
of this field no domain structure appeared. Then a reverse field was applied. 
The field of view in these photographs corresponds to the central portion of the 
film. No domain structure appeared up to a reversing field value of -3.4 oersted. 
When the field was increased to -3.5 oersted, there appeared a sawtooth boundary 
dividing domains of opposite magnetization. With further increase of the field 
to -6.5 oersted, there was no noticeable change in the structure. At -7 oersted 
there began growth of spike domains, the magnetization of which was aligned with 
the field. With further increase of the field these spikes continued to grow by 
smooth wall motion at the expense of spikes magnetized opposite the field. In a 
field of -16 oersted the domain structure disappeared both from the field of view 
and from the entire surface of the film. 
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Fig.3. Change in the domain structure of a 1200 A thick Fe-Ni alloy 
film by wall movement. The field applied during preparation of the 
film was vertical. 


Magnetization at Different Angles Relative to the Easy Axis 


ae photographs of Fig.4 show the variation of the domain structure of a 
ees Lt film of Fe-Ni-Mo alloy in a magnetic field oriented at angles of 0 
and 90" relative to the easy magnetization axis. The initial structure in all 


cases was obtained by demagnetization of the f re) 
the easy axis. ilm at an angle of 45° relative to 
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Fig.4. Domain structure of an Fe-Ni-Mo film 1200 A thick in a magnetic 
field directed at angles of 0, 45 and 90° to the easy magnetization axis 
(vertical in the photograph). 
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No domain structure was observed up to a field of 10.5 oersted in the first 
case, 12.6 oersted in the second, and 13 oersted in the third. Then in a narrow 
field interval in the first and second cases there was observed some wall dis- 
placement; with further increase of the field there was observed rapid magnetiza- 
tion reversal of parts of those domains in which the magnetization vector was di- 
rected opposite to the applied field. In the third case almost no wall movement 
was observed with increase of the field; the magnetization of this film was ap~ 
parently realized primarily by rotation processes. Saturation of the film was 
attained at 11.6 oersted in the first case, 15 oersted in the second and 15.8 
oersted in the third. 

The following conclusions may be drawn from the results of our investiga~ 
tion of the domain structure of Permalloy films. 

1. In the case of all ferromagnetic films the domain structure remains 
stable up to a certain critical field value. This was observed for films of dif- 
ferent thickness prepared of Permalloy alloys and cobalt. 

2. In relatively thick ferromagnetic films magnetization is realized by wall 
movement: this movement begins above a certain critical field value, which dif- 
fers for films of different materials and thicknesses. The wall movement is gen- 
erally not smooth, but discontinuous. 

3. With decrease of the film thickness magnetization in a certain field range 
proceeds by barely noticeable wall displacements and by rotation processes. 

In thinner films magnetization occurs by rapid magnetization reversal in 
individual parts of the domains disadvantageously oriented relative to the ap- 
plied field. Such magnetization reversal is obviously realized by abrupt rota- 
tion of the magnetization vectors of the switching sections of the domains. 
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NEW PROCEDURE FOR MEASURING THE THICKNESS OF DOMAIN WALLS 


BY MEANS OF THE KERR EFFECT 


- V.I.Sinegubov & M.K. Savchenko 


Of particular importance from the standpoint of the theory of ferromagnetism 
is determination of the thickness of domain walls and the surface energy associ- 
ated therewith, inasmuch as variation of these quantities plays a substantial 
role in the process of technical magnetization. Solution of this problem can 
also help clarify such questions of theory as determination of the numerical 
value of the exchange integral, the nature of the coercive force and hysteresis, 
and the appearance of reverse magnetization nuclei. A number of authors have 
carried out theoretical calculations in this field; for example, Landau & Lif- 
shits! calculated the width of the boundary layer and the distribution of the 
magnetization vector I, therein in the framework of the quasiclassical approxi- 


mation. 


On the other hand, there have been very few experimental determinations of 
the width of the boundary layer (wall thickness). For measuring the wall thick- 
ness, Bean2 used a cylindrical wire in which axial anisotropy was produced by 
mechanical stress. The boundary layer was produced by the action of a pulse 
field on the magnetized wire. Craik3 made an attempt to measure the thickness 
of the boundary layer by observing deposits of magnetic powder over the wall by 
means of an electron microscope. But, as was shown by A.A.Shvarts, the wall 
thickness cannot be determined by the powder technique inasmuch as the apparent 
width of the deposit also depends on the magnetic moment of the powder particles 
and the so-called blackening density. Kirenskii & Veter? utilized the polar Kerr 
effect for observing domains, but owing to inadequacies of their set-up they 
were not able to make direct measurements of the wall thickness. 

Herein we propose a new procedure by means of which one can obtain a clear 
record of domain walls. This procedure is also based on the polar Kerr effect. 


‘Fig.l. Diagram of set-up for measuring domain wall thick- 
‘ness: 1) light source, 2) rotating shutter, 3) polarizer, 
4) specimen, 5) analyzer, 6) micrometric slit, 7) photo- 
“multiplier, 8) preamplifier, 9) amplifier, 10) multi- 
vibrator, 11) phase detector, 12) recording potentiometer. 


A diagram of 
the set-up is shown 
in Fig.l. The speci- 
men is mounted on 
the stage of an MBI-6 
microscope. The beam 
from the light source 
is modulated by the 
rotating shutter; 
after passing through 
the polarizer the 
light falls on the 
specimen and, after 
reflection from it, 
passes through the 
analyzer and then 


enters the micrometric slit and falls on the cathode of the photomultiplier. The 
signal from the photomultiplier, after appropriate amplification, enters the 
phase detector. At the same time a reference signal from the multivibrator, 
precisely in phase with the useful signal, is also fed into the phase detector. 


The phase detector is coupled to a potentiometer. 


, The mechanical stage holding the specimen is advanced at a slow steady rate. 


“a 


The domain structure of the specimen is examined beforehand by the powder tech- 


nique, and then the powder is carefully removed from the selected section to be 
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Fig.2. Curve recorded by the potentiometer during scanning of the bound- 
ary between domains in a 2500 A thick film of Mo-Permalloy. 


scanned. The modulated polarized light flux re- 
flected from the specimen produces an image of 
the surface of the specimen in the plane of the 
micrometric slit. When the polarizer and ana- 
lyzer are crossed, the analyzer field is dark 

and if the slit is not viewing a wall, no signal, 
except noise, appears at the phase detector out- 
put. A typical potentiometer chart record is 
shown in Fig.2. Section 1 corresponds to the 
time when the slit is not viewing a wall; section 
2 corresponds to the instant when a wall is 
reached; section 3 corresponds to passage of a 
wall through the scan area; section 4 corresponds 


Fig.3. Domain structure of to departure of a wall from under the slit; sec- 
the 2500 A thick Mo-Permalloy tion 5 is again a record of the photomultiplier 
film. Magnification 280 X. noise only. By measuring the width of sections 


2 and 4 and knowing the rate of motion of the 
potentiometer chart and specimen, one can readily determine the wall thickness. 

Using the described procedure we measured the width of a boundary on a 2500 
A thick Mo-Permalloy (80% Ni, 17% Fe, 3% Mo) film prepared by vacuum (4.5°1075 mm 
Hg) evaporation onto a glass substrate heated to 300°. The domain structure of 
such a film as brought out by the powder technique is shown in Fig.3. It will 
be seen that the structure consists of regular 180° domains. The wall thickness 
in this specimen was found to be 0.7 microns. In making the measurement the 
specimen was carefully oriented so that the wall would be rigorously parallel 
to the micrometric slit. 

Thus the developed procedure allows of direct measurements of the thickness 
of domain walls. Further improvement of the sensitivity of the set-up should 
make it possible to observe not only static walls but also walls in the process 
of variation under the influence of external factors acting on the ferromagnetic 
specimen. 
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BARKHAUSEN EFFECT IN THIN Mo-PERMALLOY FILMS 
- N.M.Salanskii, A.M.Rodichev & M.K.Savchenko 


Description of the Experiments 


The present investigation was concerned with the Barkhausen effect in thin 
Mo-Permalloy films. The film was placed in a measuring coil connected to the in- 
put of a wide-band amplifier. The magnetization of the film was reversed by 
smooth variation of the current through the windings of the magnetizing solenoid, 
which was coaxial with the measuring coil; the rate of increase of the field 
could be varied in a wide range. After amplification, the Barkhausen pulses 
were integrated by a special integrating device with adequate resolution. Then 
the pulses were sorted as regards magnetic moment by an 8-channel electronic inte- 
gral pulse height discriminator and recorded by PS-100 scalers. The set-up was 
capable of recording magnetic moments from 0.56°1078 cgsm units up. 

The films of 80% Ni + 17% Fe + 3% Mo alloy were prepared by vacuum (41079 
mn Hg) evaporation onto cover glass substrates heated to 300°. After deposition 
the films were annealed at 350° in vacuum. By this procedure there were prepared 
eight films in the form of 25 x 2 mm strips. Four films - 600 A thick (No.1), 
750 A (No.2), 850 A (No.3) and 1200 A (No.4) - were annealed only in the natural 
field in the laboratory; three films - 600 A (No.5), 750 A (No.6) and 1200 A (No. 
7) - were annealed in a magnetic field of 100 oersted applied parallel to the 
long side of the film; film No.8, 1200 A thick, was annealed in a 100 oersted 
field applied perpendicularly to its long side. In addition, there was prepared 
film No.9 in the form of a disk 11 mm in diameter; this was also annealed in a 
100 oersted field in the direction AB marked on the film. (For this film there 
was prepared a special flat measuring coil). All the films, except No.8, were 
characterized by uniaxial anisotropy with the easy magnetization axis parallel 
to the long side of the film. Film No.8 had the easy axis perpendicular to its 
long side; in disk No.9 the easy axis was in the AB direction. 

The films were placed in the measuring coil with the long side of the film 
parallel to the coil axis, so that the direction of magnetization reversal for 
films Nos.1 through 7 coincided with the easy magnetization axis, while for film 
No.8 it was perpendicular to this axis. In the experiments with the disk the 
reversing field was applied both along the easy direction and perpendicular to it. 


Results 


The moment distribution of the jumps proved to be similar to the distribu- 
tion in metallic ferromagnets observed by Tebble et all not only as regards gen- 
eral character but also as regards absolute values of the magnetic moments. The 
integral moment distributions for films Nos.2 and 6 are shown in Fig.l. If it 
is assumed that the region of a jump extends through the entire thickness of the 
film, we find that for a 600 A thick film, jumps ranging in magnitude from 0.6: 
*10-6 to 9.01076 cgsm units occupy an area of 0.01-0.15 mm? on the surface of 
the film. The distribution of jumps in moment for all the investigated films is 
well described by the formula 


N = Nye’, (1) 
where JV, and a are constants for a given film. The upper right-hand insert in 


Fig.1 shows the variation of the logarithm of the number of jumps as a function 
of m'/? for some of the investigated films. The linearity of these plots demon- 
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strates the validity of Eq.(1). Our m de- 
pendence of the number of jumps with large 

: in moments differs from the dependence obtained 
by Ford & Pugh2 by means of the magneto- 
optical method: the exponent at m in the 
work of Ford & Pugh was close to unity. 

It was found that the average moment of 
the jumps is strongly dependent on the film 
thickness (see Fig.2) and in the investigated 
thickness range increases linearly with the 
thickness as though the dimensions of each 
region reversed by a jump remain constant in 
the plane of the film but increase only in 
thickness. Apparently this thickness depend- 


2 Z 6 6 m-10° ence of mis to some extent due to variation 
of I, with film thickness. 
Fig.1. Distribution of jumps as We observed no clear dependence of the 
regards magnetic moment. average jump moment on whether the specimen 


was annealed in the presence or absence of 
a magnetic field: thus for films Nos.2 and 6 the values of the average moment 
were 1.81°10~© and 1.85°107§ cgsm, respectively. 


200 400 600 800 1000 2.A 200 400 600 800 10004,A 
Fig.2 Fig. 3 
Fig.2. Variation of the average jump moment as a function of the film thickness. 
Fig.3. Variation in the number of jumps with the film thickness: 1) 
films annealed in a magnetic field, 2) films annealed in zero field. 


The variation in the number of jumps (per unit volume) with the film thick- 
ness is shown in Fig.3. Back in 1948 Drigo & Pizzo? were among the first to study 


this dependence with a view to determining the thickness at which the single do- 
main state is attained; they estimate that the Barkhausen effect should disappear 


at a thickness of 1000 Be Approximate extrapolation of the curves of Fig.3 gives 
a value of 350 A for disappearance of the Barkhausen effect. However, if it is 
borne in mind that the size of the jumps decreases with decrease in film thick- 
ness and that part of the jumps falls below the sensitivity of the set-up, it 
must be inferred that the 350 A thickness is somewhat greater than the single do- 


main criterion. True, on the other hand, it must be noted that with approach to 
the single domain state the curves may slope more steeply towards zero. 


The distribution of jumps according to field values is shown in Fig.4. In 


contrast to bulk ferromagnets in which reversal jumps, as a rule, begin in the 


aes 
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Fig.4. Jump distribution as a function of the field. 
Fig.5. Variation in the number of jumps with different magnetic moments as a 
function of the rate of variation of the field: 1) jumps with moment greater 
than 0.56-1076 cgsm units, 2) jumps with moment greater than 0.88°1076 cgsm units, 
3) jumps with moment greater than 1.24-107§ cgsm units. 


range of negative field values (the field is assumed to be varied from negative 
to positive) , in films the jumps begin only in the range of positive fields and, 
moreover, the range of fields in which jumps occur is appreciably narrower (than 
in bulk specimens). In films annealed in a magnetic field the jumps begin some- 
what later (film No.7 was an exception) and continue into the range of stronger 
fields as compared with films annealed in zero field. Moreover, the intensity of 
the Barkhausen effect in magnetically annealed films is appreciably more irregu- 
lar. Noteworthy is clustering of the jumps: after occurrence of a group of jumps, 
there may be an interval in which there are no jumps. The total number of jumps 
in the case of films annealed in a magnetic field is higher (see Fig.3). 

Fig.4 also shows a curve for film No.8, the axis of easy magnetization of 
which was perpendicular to the reversing field. It will be evident from the curve 
that the critical field value for this film is approximately two times higher 
than for films of the same thickness but with the reversing field applied in 
the easy direction. A similar situation is observed for film No.9 (the disk) 
with the field parallel and perpendicular to the easy magnetization axis: the 
field intervals in which jumps occur are 0.35 to 4.20 oersted and 1.75 to 4.5 
oersted, respectively. The total number of jumps, however, in both cases, was 
approximately the same. 

The variation in the number of jumps depending on the rate of change dH/dt 
of the magnetic field for film No.1 is shown in Fig.5. The form of the N vs log 
(dH/dt) curves may be explained as follows. As the moment distributions of the 
jumps at different dH/dt show, the average moment of the jumps increases with 
increase of dH/dt in the rate interval shown in Fig.5 from 1.18-107© to 1.34-1076 
cgsm units. Owing to increase in the magnitude of the jumps, an increasing frac- 
tion of the Barkhausen pulses comes to exceed the sensitivity threshold of the 
set-up and the total number of jumps recorded increases to a certain limit. If 
extended further, the curves might fall off owing to inadequate resolution of the 
set-up in the range of high rates of field variation. 

In conclusion, we would like to call attention to the possibility of using 
some characteristics of the Barkhausen effect as one of the criteria for the rate 
of pulse magnetization reversal of films. Obviously, the most rapid switching 
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of a film occurs by a single jump. Nonsimultaneity in the reversal of individual 
parts of the film leads to increase of the magnetization switching time. If 

there are many jumps, it would be desirable from the standpoint of rapid switch- 
ing for all of them to have a critical field of nearly the same value. This 
would lead to a large number of delayed jumps (in the investigated films greatly 
delayed jumps were individual events). Lastly, we believe that the duration of 
the jumps may be intimately connected with the characteristics of pulse magnetiza- 
tion reversal, and investigations in this field may be highly useful. 
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NUCLEATION AND THE BARKHAUSEN EFFECT IN FERROMAGNETIC FILMS 
- V.F.Iviev & V.S.Prokopenko 


In slow magnetization reversal of ferromagnetic films with a rectangular 
hysteresis loop the change in magnetization is wholly realized by irreversible 
jumps.2 Such important characteristics of the films as the shape of the hyster- 
esis loop and the switching time depend on how these jumps are distributed in 
field and in size and duration of the jumps. 

Ford & Pught established experimentally that in the case of magnetization 
reversal of a section of film by motion of one wall the distribution of magnet- 
ization jumps in size is described by a function of the form 


N =< Wigeen es (1) 


For complete reversal of the film the distribution in size is described by 
the following more complex relation, which is characteristic of bulk ferromag- 
nets: 


IN = N,Ae-tMn (2) 


where Vis the size of the jump, /V, is the total number of jumps, Vis the number 
of jumps greater than M,and A, k, n and A are constants. 

The size distribution (1) is satisfactorily described by the magnetization 
reversal model according to which the probability for stopping of a moving wall 
at a distance dz is proportional to dz. Ford & Pught, generalizing this model 
to the case of complete magnetization reversal of a ferromagnet, suggest that 
relation (2) may be regarded as the result of superposition of numerous distri- 
butions of type (1), which, obviously, can be done only on the assumption that 
all the magnetization jumps are due to the process of wall displacements. Ob- 
servations of domain structure show, however, that a substantial role in rever- 
sal of magnetization in films is played by the process of formation of reverse 
magnetization nuclei. 274 Clearly for jumps due to nucleation the distribution 
in size may be different than for jumps due to wall motion. A resultant distri- 
bution of type (2) for complete magnetization reversal in a film is also pos- 
sible in this case, but inasmuch as nucleation precedes wall displacement, the 
character of the jump distribution in size in the process of magnetization re- 
versal will change. 

The present work was undertaken with a view to clarifying the relation be- 
tween the process of nucleation and the Barkhausen effect in ferromagnetic films. 
For our investigation we chose cylindrical iron films for two reasons. In cyl- 
indrical films the influence of chance imperfections at the edge of the film on 
nucleation can be minimized. Moreover, there is reason to assume:® that cylin- 
drical films of iron base alloys are the most promising as regards practical ap- 
plications. The present work is part of an extensive research program concerned 
with the properties of films of this type. 

The film preparation technique differed from that commonly employed. ? The 
evaporator was an iron solenoid mounted by means of a mica frame inside the glass 
vacuum chamber. The film was deposited on the surface of a glass filament stret- 
ched along the axis of the solenoid. Prior to deposition the surface of the fila- 
ment was outgassed and then cleansed by a gas discharge at a pressure of ~1072 mm 
Hg. At the instant of beginning of evaporation the pressure in the vacuum cham- 
ber did not exceed 8°1076 mm Hg. With the solenoid heated by direct current 
there were obtained films with uniaxial anisotropy, the easy magnetization axis 
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; Fig.l. Magnetization jump distribution in duration. 
Fig.2. Jump distribution in size for complete magnetization reversal of the film. 
Fig.3. Jump distribution as a function of the field. 


being aligned with the axis of the solenoid. The field produced by the evapora- 
tor-solenoid at the surface of the film did not exceed 20 oersted. 

The experimental procedure does not differ in principle from that commonly 
employed in investigating the Barkhausen effect in bulk ferromagnets.% By way 
of the main amplifier we used a standard wide-band USh-10 amplifier. The para- 
meters of the input circuit of the amplifier were chosen so that the output puls- 
es for all jumps would have approximately the same duration; this was facilitated 
by the character of the distribution of the magnetization jumps in duration (Fig. 
1). The sensitivity of the set-up allowed of reliable recording of magnetization 
jumps in volumes greater than 1.2°1079 cm3. 

Below we give the results obtained for films 5000 K thick deposited on a 
0.3 mm diameter filament. The reversing field was applied in the direction of 
the easy magnetization axis and was varied at the rate of 0.02 oersted/sec. In 
the course of each complete reversal cycle the jumps were observed twice in the 
field interval from 36 to 49 oersted with increase of the field. 

In the case of complete magnetization reversal of the investigated film the 
resultant distribution is of type (2) (Fig.2). The recorded distribution of jumps 
of different size as a function of the field is shown in Fig.3; here curves a, 

b, c, d and e are plotted for jumps greater than 1.2°10-9, 1.5+10-9, 2.1079, 
3°10-9 and 6-10-29 em3, respectively. It will be evident that in the process of 
magnetization reversal the character of the size distribution of the jumps in the 
films changes. Up to a field of 37.5 oersted there are no jumps smaller than 
3-10-29 cm3. Up to a_reversing field of 39.5 oersted there were recorded no jumps 
smaller than 1.5°1079 cm3, Beginning with the 39.5 oersted field, when 80% of 
the substance of the film had already switched, the jump distribution in size 
conforms to Eq.(1) (see Fig.4, where NV,’ is the number of jumps of all sizes re- 
corded after increase of the field above 39.5 oersted). 

Explanation of this type of distribution of jumps of different size as a 
function of the field is difficult in the framework of the model proposed by 
Ford & Pughl, which is not surprising in view of the fact that this model fails 
to take into account the process of nucleation. 

Conger & Essig? calculated the switching time of films in fields weaker 
‘than the anisotropy field and obtained good agreement with experiments on the 
basis of the following assumptions regarding the character of the field distri- 
bution of the magnetization reversal nuclei: 
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here H, is the field at which the first nucleus appears in the filn, i seine 
anisotropy field of the filn, N, is the possible number of nuclei in the ane 
interval H;,—H,, Nis the number of nuclei forming in the film up to the : ‘ 
H, and p is the nucleation probability density, which is assumed to be constan 
in the reversal field interval. 
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Fig.4. Distribution of jumps in size after a field of 39.5 oersted. 
Fig.5. Jump number distribution as a function of the field on the assumption that 
all the jumps are due to nucleation. 
Fig.6. Variation in the number of jumps with the rate of change of the reversing 
field. 


If it be assumed that all the observed magnetization jumps are due to pro- 
f£ nucleation, the plot of In(1—.”) vs In (4:—*) should be a straight 
cesses of nucleation, p n —F-) eee, 


line. Such a graph plotted on the basis of our data is shown in Fig.5. The 
break in the plot corresponds to a field of 39.5 oersted. The difference in the 
values of p for the two sections of the plot indicates that there is a differ- 
ence between the conditions for the appearance of magnetization jumps in fields 
lower and higher than 39.5 oersted. Close to completion of the reversal pro- 
cess there obtains for the investigated films distribution (1), which is charac- 
teristic for cases when the magnetization reversal is realized by displacement 

of one wall. It is entirely probable that this is how slow magnetization revers- 
al of cylindrical films is consummated: by motion of an annular wall formed by 
merging of growing nuclei. The fact that the distribution of magnetization jumps 
in field in this case is analogous to the distribution of reverse magnetization 
nuclei gives reason to assert that the magnetization jumps observed in films in- 
cident to wall motion are due to formation of nuclei immediately at the walls. 
Thus, it is feasible to identify each Barkhausen jump with the appearance of a 
reverse magnetization nucleus in the film. It is interesting to note that with 
increase in the rate of variation of the reversing field the total number of 
jumps per reversal cycle increases (Fig.6). This may in equal measure be a con- 
sequence of increase in the number and growth in the size of the reverse magnet- 
ization nuclei with more rapid variation of the applied field. 
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INVESTIGATION OF THE DURATION OF BARKHAUSEN JUMPS IN AN IRON FILM 
- G.M.Rodichev & P.D.Kim 


In magnetization reversal of ferromagnetic films much more appreciable re- 
gions relative to the total volume of the specimen are reversed by Barkhausen 
jumps as compared with bulk ferromagnets. Hence investigation of the Barkhausen 
effect should yield a better understanding of the mechanism of magnetization re-~ 
versal in thin films. Of particular interest is investigation of the time charac- 
teristics of the Barkhausen effect, in particular the duration of the jumps. 

Such investigation can yield information on the reversing time of individual re- 
gions of the film under the influence of a slowly varying field. 

The present work was concerned with investigation of the distribution in 
duration of Barkhausen jumps in an iron film. 

The sensing element in our set-up was a measuring coil surrounding the speci- 
men undergoing magnetization reversal in a slowly varying field. The coil was 
connected to the input of an amplifier. The voltage pulses, induced by the mag- 
netization jumps, were fed into a converter circuit that yielded pulses of ampli- 
tude proportional to the duration of the input pulses. The pulses were then 
sorted in amplitude by a pulse height discriminator and counted by appropriate 
scalers. 

Hitherto the distribution of Barkhausen jumps in duration has been investi- 
gated only by Rodichev, Salanskii & Sinegubov! for bulk specimens of Ni-Cr alloys. 
The set-up used by these authors was triggered only by pulses of duration exceed- 
ing 2 usec. The set-up used in our investigation is capable of detecting pulses 
with durations from 0.2 usec. 

Except for the pulse length-to-height converter, the components used in our 
set-up are those ordinarily employed in apparatus for investigating the Barkhausen 
effect. The circuit of the converter (Fig.l) was designed so that by means of it 
one can investigate not only the distribution of pulses in duration but also inte- 
grate the Barkhausen jump pulses, i.e., investigate the distribution in magnetic 
moments. 2 

In investigating the distribu- 


% 6th TZozne %6zn4 tion of pulses in duration the grid 
; ean of the cathode follower tube T, is 
disconnected from the input termin- 
To al. The voltage on the cathode of 


Hes Tj, by means of potentiometer Ro, is 
set higher than the voltage on the 
cathode of T3. Since the resistance 
+ of resistor R, is much higher than 
i the resistance of the triode Ty, 
the voltage on the capacitor C is 
close to the voltage on the cathode 
of tube Ts. 
A pulse arriving at the input 
*300¥ of the converter trips the trigger 
B69 G6P9 % 6zn4 circuit (tubes Ts and Tg), which 
yields a positive square pulse equal 
Fig.1. Circuit of pulse length to height in duration to the input pulse. 
converter, The positive square pulse is con- 
verted by tube Tz into a negative 
one, which is applied to the grid of triode T4 and cuts off this tube. While 
the tube is cut off, there occurs integration of the de voltage by the circuit 


From 
amplifier 
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RyC. The voltage on capacitor C increases linearly. 
of tube T3 there is applied to the cathode of tube To 
the pulse on the capacitor and of opposite polarity. 

When the input signal dies down, the trigger circuit returns to its initial 
state, the triode T4 is unblocked and the capacitor rapidly discharges to the 
initial potential. The large negative pulse on the cathode of triode T, facili- 
tates rapid discharge of the capacitor. Thus the converter output pulses are 
sawtoothed and have an amplitude proportional to the duration of the input pulses. 

In order to go over to investigation of the distribution in magnetic moments, 
one need only connect the grid of the cathode follower T, to the input terminal 
and equalize the voltages on the cathodes of tubes Ty and T.. 

Before being fed into the discriminator the output pulses from the converter 
were amplified by a one-stage amplifier. The amplitude discriminator consists 
of a system of triggers, similar to the trigger circuit employed in the converter 
(tubes Ts and Tg). 

The set-up was calibrated by means of an MGI-1 square pulse generator. Ap- 
plying pulses of known duration to the input of the converter and varying the 
threshold of one of the channels of the pulse height discriminator, we adjusted 
it to the point where the scaler connected to this channel began to count; then 
we increased the duration of the signal pulse, set the threshold of the next 
channel, etc. 

The amplifier installed before the converter had a passband from 0.5 ke to 
2.5 Mc. Its gain could be varied in a wide range; the maximum amplification 
factor was 5°109,. Before measurements the gain of the amplifier was set just 
below the point where the first channel of the pulse height discriminator re- 
sponded to the amplifier noise. 

For our experiments we chose an iron film prepared by vacuum evaporation on 
a glass plate measuring 0.5 x 20 x 0.2 mm. The film thickness was 2000 A. The 
axis of easy magnetization was parallel to the length of the plate and in the 
measurements was aligned with the common axis of the magnetizing solenoid and 
the measuring coil. 


Owing to the amplification 
a pulse much greater than 


J Design calculations show that the shape and duration of the voltage pulses 


at the amplifier input depend on the time constant of the measuring coil. For 
the duration of the voltage pulse to be representative of the time of change of 
the magnetic flux one must use a coil with a sufficiently small time constant. 
The time constant of the coil depends on the inductance, resistance and capaci- 
tance of the coil. Usually larger coils have larger time constants. One can re- 
duce the time constant by reducing the cross section of the coil form and also 


the diameter and length of the winding. 


In winding our coils we used 0.02 mm diameter enameled wire. The coils were 
would on glass tubes of a diameter just sufficient to admit the specimen. Fur- 
ther decrease of the time constants could be attained only by reducing the num- 


‘ber of turns, which, however, can lead to undesirable decrease in the magnitude 


and number of the pulses. Hence we carried out a series of exploratory measure- 


‘ments using a number of different coils with a view to choosing a coil that 


‘would have a sufficiently small time constant and yet would yield pulses of suf- 


ficient amplitude. 
In testing a series of coils of decreasing size we found a coil beginning 


with which further decrease of the coil size did not change the character of the 


duration distribution curves. Two such curves, obtained for coils Nos.1 and 2 


“(see table below) are shown in Fig.2; N is the number of pulses having a duration 


greater than the corresponding value on the horizontal scale. 
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Despite the fact that these two coils differ appreciably (100 and 290 turns, 
respectively) the two curves are similar in appearance. The fact that a larger 
number of jumps was recorded with coil No.2 is explained by the fact that it has 
a larger number of turns and a greater length so that with it there are recorded 
some jumps that are missed in using coil No.l. 


Inside diameter 
of winding, mn 


The differential distribution curves obtained with these two coils virtually 
coincide (curves 1 and 2 in Fig.3). Thus the influence of these coils on the 
pulse duraction is insignificant and hence the curves obtained characterize the 
actual distribution in duration of the magnetization reversal jumps. Curve 3 in 
Fig.3 gives the differential distribution in duration of magnetization jumps in 
an iron wire 0.2 mm in diameter as obtained by means of coil No.l 

We shall not give the data obtained for all the tested coils, but to show 
to what extent the pulse duration depends on the coil parameters, in Fig.4 we 
give the distribution curve obtained by means of coil No.3. It will be obvious 
that the character of this curve differs from that of the curves obtained with 
coils Nos.1l and 2 (Fig.2). 

It will be evident from the curves shown in Figs.2 & 3 that in an iron film 
2000 A thick very few jumps have a duration exceeding 1.5 usec. The peak in the 
jump duration distribution lies at about 0.5 usec, whereas in the case of a bulk 
specimen of relatively small diameter (influence of eddy currents negligible) 


the maximum in the number of jumps corresponds to a duration of approximately 1 
psec. 
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CONTRIBUTION TO THE THEORY OF HIGH FIELD MAGNETIZATION REVERSAL IN THIN FILMS 
- A.M.Rodichev 


Experiments have shown that magnetization reversal of thin ferromagnetic 
films is not controlled by eddy currents. Hence the process can be described 
without recourse to Maxwell's equations. It is commonly assumed that in high 
fields a thin film reverses by uniform motion, i.e., rotation of the "rigid" 
magnetic moment of the film. The process has been considered by a number of 
authors!-7; the point of departure is usually the equation of Landau & Lifshits 
or of Gilbert? describing uniform procession. 


8 


Theory of magnetic reversal b uniform rotation 


Let us attempt to solve the problem in the 
most general form on the assumption of uniform 
rotation. 

We consider a thin ferromagnetic film lying 
in the plane zy and magnetized in the x direction 
(Fig.1). 

The anisotropy field in the plane of the 


film is given by Hax = Gh cos =n, cos@, where K 

is the anisotropy constant”, M,is the saturation 
magnetization and @ is the azimuthal angle measur- 
ed from the x axis. The normal anisotropy field 
Fig.1. Coordinate system used is of the form H,, ——N,M,cos0=—ncost, where 


in the calculations. is the polar angle measured from the z axis, and 
Nais the demagnetizing factor in the z direc- 
tion. Applied to the film are a reversing field H,—— H, greater than the aniso- 


tropy field, and a small field H/, in the y direction.** 
We start with Gilbert's equation 


M = 7 [HM] — =, [MM]. (1) 


The agency of the vector Mis described by two equations following directly 
from (1): 


® = 7 (@°H) —a (gm), (2) 


sin 09 = — 7 (0°H) +a, (3) 


where 3°, g® and m are unit vectors forming an orthagonal trihedral (8° is direct- 


ed along the meridian, 9° - along the parallel and m =P) . 
*As measurements of anisotropy of thin films show 
the anisotropy ener is 
satisfactorily described by the formula F = K sin’ 9, aon corresponds i the Cadi 
‘tion given for the anisotropy field. 
**A small constant field H, in the y direction has been used in a number of 


experiments, and resulted in a substantial acceleration of 
the rever 
and decrease of the critical rotation fields. sal process 
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We insert in (2) and (3) the vector sum of all the field components and com- 
bine the resultant equations. Further, in view of the large value of the demag- 


netizing factor along the z axis Gre ee, Os. ), we assume that the angle @ re- 
mains close to n/2 in the process of magnetization reversal. We write 


BVon/2+B, B<1, iSsayeh cosd~—B, sind~1, 
As a result of these operations we obtain 


1ta-; 2 ; 

, B= H-sing —n, cos@ sing + Hy cos@ + a8 (H, cos —n, cos? p —n — Hy sing), (4) 
1+ a?- ; 

Y ® = —B(H- cos p — n, cos? p —n — Hy sing) +4 (Hsing —n, cos@sing + H,cosg). (5) 


Further precise solution of these equations is possible only by numerical 
methods. Hence to obtain a solution we will use a rough approximation: we assume 
that in the process of rotation the angle 8 corresponds to the position of dynam- 
ic equilibrium and that the variation in the angle is insignificant everywhere 
except at the beginning and end of the process, i.e., we set 8 = O*; then 8 can 
be found from (4). Inserting its value into (5), we obtain 


@ = 1(H, sing —n, cos p sin @ + H, COS @). (6) 
The same equation was obtained by Olson & Pohm® by a different method. In- 
asmuch as M, = —M,singg, the shape of the reversal pulse must be described by 
M, = — M,+sing (Hsing —n, cosqsing +- 1, cos @). (7) 


Let us consider a number of particular cases. 
1. H,=n,=0. Integrating (6) from 9 to 7% — q, we obtain for the reversal 
time 


a 2 Po 
TH, In ctg hae (8) 


—— 


If we carry out the calculations on the basis of Gilbert's equation as be- 
fore, but neglect the demagnetizing factor and the anisotropy, then for the re- 
versal time we obtain 


_1+@ 1 2 Po 
t mee In ctg? >. (9) 


. Thus the presence in the film of a large demagnetizing factor along the z axis 


{1 +a? ** 


accelerates the process by a factor of —, 


2. H, =0,n1+0. In this case integration of Eq.(6) for the same initial 
and final conditions, i.e., between the same limits, yields 


d? 
the approximation 3 0. 


**The physical meaning of this acceleration was first considered by Polivan- 
ov. 


- 626 - 


a 


H, + m3 COS Qo 
oy (HB 13) ): eee 


Sue Me ot wer 
(H. Inetg 5) n, In H, — m COS Po 


Similar equations for this case were obtained by Conger & Essig! and Polivanov’. 


The variation of the reciprocal of the reversing time with H, for different n, 
and @ is shown in Fig.2. 


1, USCC <Fig.2. a) Variation of 1/t with H, for 

constant Po (Go = 18°) and different 7, ; 

b) same but for constant n, and differ- 
ent Mo « 


BL 


3. H,+—0,n,=0. Obviously, calcula- 
tions for this case must be carried out on 
the assumption that the fields H, and H, are 


0 ety applied simultaneously. If the integration 
4 86 1% 20) 24 of (6) is carried out with the same initial 
ie and final conditions both in the case of ab- 

Vt, Usec sence and in the case of presence of H,, 


and «— pp must be smaller than arc tan (H,/H,) 
and the corresponding reversal times prove 
to be equal, as might have been expected. 

4, H,+0, n,+0. Let us first consider 
the influence of a small constant field H, 
on the initial and final states of a thin 
film. The magnetization vector in the pres- 
ence of H, will be oriented so that the mo- 
ments of the anisotropy field and the field 
H, are equal: 


n,M,cos@sing = H,M,sin(x/2— @). 


Whence 


H, 
sin Do = < (11) 


ny 


Correspondingly, the final position will be given by 


. Hy 
pre ea: FE Ce (12) 


We integrate (6) between the limits defined by 1/10 and 9/10 of the total change 
in M, (in accord with the usual experimental conditions).* For purposes of com- 
parison let us find the reversal time in the absence of H, by means of Eq. (10) 
for the same limits of integration. We take our numerical data from the work of 
Humphrey & Gyorgyl0: H, = 6 oersted, 7,= 4.8 oersted and H, = 0.2 oersted. Our 
calculations showed that the reversal times in the presence of H, and in its ab- 
sence are equal within the limits of the computational error (Eq.(6) was inte- 
grated graphically). Thus theoretical calculations show that a field H, of the 
order of the field commonly used in experiments has no significant influence on 

*It must be noted that for practical purposes what is important is not so 
much the reversal time calculated in the above manner as the time between appli- 
cation of the driving field H, and completion of the reversal process. This 
parameter should be the subject of careful investigation. 
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the initial conditions and the reversal time. 


Comparison of Theory with Experiment 


1. Comparison of the experimental and theoretical 1/i vs H, curves shows 
that in weak fields the experimental curve has a second derivative opposite in 
sign to that of the theoretical curve. This character of the experimental curve 
is explained by the theory of wall movement.11 ‘The existence of wall motion has 
been confirmed by a number of authors. In high fields one can by appropriate 
choice of a fit the theoretical curve to the experimental one. The values of 
a found in this manner for different films in the experiments of Conger & Essigl 
proved to be 5.17, 10.97 and 28.34; in the experiments of Hanzel & Conger12 
there were obtained values of 9.68 and 24.65; in the experiments of Humphrey 
& Gyorgy! a value of about 5. In some cases, however, it proved impossible 
for a given 7, to fit the experimental curves for any value of the constant a. 

Thus the value of a found by fitting the experimental curves appears to 
vary in the range from 1 to 30. 

The same constant found from ferromagnetic resonance experiments has a value 
of the order of 0.01-0.1. It is important to note that calculations from ferro- 
magnetic resonance and pulse magnetization reversal measurements are based on 
the same equation comprising constants that are apparently highly characteristic 
of each given material. And if in the case of resonance there does actually ob- 
tain uniform precession, the great divergence between the values of a may be 
taken as evidence that the process of pulse magnetization reversal does not in- 
volve uniform precession and cannot be accurately calculated on the basis of 
this concept. 

This is the principal argument against coherent rotation. 

2. There is evidence from experiments in which a field H, was applied that 
the critical rotation field H, decreases significantly with increase of Hy. 
Utilizing the concept of coherent rotation of a "rigid" magnetic vector, one 
can readily calculate the H, dependence of H;,,. 
| The value of H,,can be found from the condition of equality of the moment 
of the anisotropy field and the field H.-++ H, or by setting the time derivative 
of the angle ~ equal to zero. Both conditions yield the following expression 
n cos @ sin @ — H,, cos @ 


a= sin p 2 


The value of the critical field H,, will be given by the maximum of this expres- 
sion, the condition for which is 
veh 
sin? @ = —" , (13) 
ny 
H, 
Here we have #/,,=H,ctg’?g. We introduce the notation Slane Consequently, 
2), */2 
x a m+) 
a. = 1,—_— . 
Dividing by ™, we obtain 
fy. 


m4 


= (1 ant). (14) 


d the curves based 
Fig.3 shows the theoretical dependence (14) (curve 1) an 
on Dee cereal datal0,13,14, It will be evident from the figure that the ex- 


perimental curves lie far from the theoretical one. 


, 
4 
> 
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3. Thus our theoretical calculations 
show that the presence of a small constant 
field H, should not accelerate the reversal 
process. Actually, however, numerous ex- 
periments indicate that such a field results 
in a substantial decrease of the switching 
time. Thus in the experiments of Humphrey 
& Gyorgyl0 with H, = 6 oersted and 7, = 4.8 
oersted, application of a field H, = 0.2 oer- 
sted reduced the reversal time by a factor 
of 8. 

These facts are further arguments against 
the theory of uniform rotation. 


Conclusions 


It would appear that the process of 


Fig.3. Variation of H,, /n, with magnetization reversal in thin ferromagnetic 
H,/ny? 1) theoretical curve, 2) films, as well as in bulk ferromagnets, is 
curve calculated according to the much more complicated than would follow from 
data of Humphrey & Gyorgy1l9, 3) the concepts now commonly held. The initial 
curve calculated according to the state of a ferromagnetic film (or ferrite) 
data of Hagedornl3, 4) curve cal- is characterized by a certain spin wave dis- 
culated according to the data of tribution appropriate to the given tempera- 
Kobelev & Efimovl4. ture.15 Bulaevskii et all6 showed that if 


’ the angle 0 between H and Mis greater than 
t/2, the spin waves will built up irreversibly, and that the waves associeated 
with different @ build up at different rates. In a thin film, by virtue of the 
large demagnetizing factor along the z axis there will build up only the spin 
waves, the wave vector of which lies in the plane of the film. Inasmuch as the 
vectors of different spin waves are directed to the left and to the right rela- 
tive to the z axis, there will be present "right-hand" and "left-hand" parts of 
the magnetization. This phenomenon was observed by Olson & Pohm5, 

Naturally, under these conditions, in the presence of fields of the form 
qv2M, the mutual influence of out-of-phase reversing parts of the ferromagnet 
leads to the reversal time being appreciably shorter than in the case of uniform 
precession, and to the effective damping constant a being appreciably larger. 
Upon application of H, the symmetry of the process is disturbed and one direction 
of rotation of the magnetic moments becomes favored. Factors tending to slow 
down the process are therefore to some extent suppressed or diminished. 

I take this opportunity to thank K.M.Polivanov as well as V.V.Kobelev and 
I.A.Efimov for making available the results of their work in manuscript form. 
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APPARATUS FOR INVESTIGATING PULSE SWITCHING OF THIN FERROMAGNETIC FILMS 
- T.N.Nikitina & R.V. Telesnin 


1. Nanosecond Pulse Generator 


To investigate the pulse characteristics of thin magnetic films it is essen- 
tial to have a generator yielding square reversing pulses with a rise time not 
exceeding (4-5)-107-9 sec.1:2 

For purposes of such investigations 
we developed and constructed a generator 
operating on the principle of discharge 
of a long line through a hydrogen thyra- 
tron, type TGI1-130/10 (Fig.1). The gener- 
ator is designed in the form of a coaxial 
line which provides for matching of the 
shaping line with the load and allows of 
reducing the parasitic parameters of the 
circuit to a minimum (Fig. 2). 

The thyratron is installed in a gap 
: in the central conductor. The condition 
Fig.l. Circuit of pulse generator. for matching is 


eT ae 
Sit == Be sy mR 
<“e ss rept 
ea | thyratron, Ry, is the resistance of 
the load in the thyratron cathode 


Fig.2. Installation of thyratron in coaxial circuit, and Z is the character- 
line. Z = 60 ln (Dj/d,) = 77 ohm; Zy, = istic impedance of the line. Hence 
= R, = 60 In (D3/d3) = 38 ohn. at the point of the gap the charac- 

teristic impedance must change by 
Rp. This is realized if over the entire length of the line 


Rp = Ry, = Z, 


where Rp is the resistance of the 


(Dj, Dg and D, are the inner diameters of the outside tubes and dj, dg and dg 
are the Brertht diameters of the inner tubes). 

The overall length of the line is 3.5 meters. The pulse rise time is 4-5 
nanosec (equivalent to a steepness of 10 amp/nanosec), the pulse duration is 40 
nanosec, the maximum obtainable pulse current is 60 amp. In studying pulse 
switching of ferromagnetic films one must provide a "reset'’ pulse between each 
working pulse in order to bring the film to the initial state. 

In order to avoid building a second pulse generator, which would have to be 
synchronized with the main pulse generator, we utilized part of the main pulse 
passing through the delay line; this automatically shifts the reset pulse the re- 
quired interval relative to the main pulse. The magnetizing winding surrounding > 
the specimen is connected to the cathode circuit of the thyratron. The reset 
pulse is taken off a resistor in the cathode circuit and fed through an RK-6 cable 
28.5 meters long to a second winding about the specimen (Fig.3). Owing to the 
appreciable length of the cable, the reset pulse is delayed 140-10-9 sec relative 
to the main pulse (the delay introduced by the RK-6 cable is 5 nanosec/meter). 

Oscillograms of a reversing and a reset pulse are shown in Fig.4. In this 


case for purposes of comparison the reset pulse was applied in the same direction 
as the reversing pulse. 
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Fig.4. Oscillogram of revers- 
ing and reset pulses. 


Fig.3. Diagram of reset pulse 
circuit. 


Fig.6. Oscillogram of magnetization 


reversal pulse recorded for a KVP Fig.5. Specimen coil with 
steel disk 80 yw thick and 15 mm in compensating winding. 
diameter. 


To cbserve the signals we used an I0-4 oscillograph modernized as follows: 

1. The 13L037 cathode ray tube was replaced by a 13L03 tube which has direct 
leads from the deflecting plates brought out through the envelope, which substan- 
tially reduces the input capacitances and inductances. 

2. The minimum sweep time was reduced from 1 to 0.2 usec. The sweep was 
calibrated by means of a sinusoidal voltage from a high frequency LMS-551 oscil- 
lator modulated with square pulses from another special generator. According 
to this calibration 1 mm on the screen corresponds to 2-10-9 sec. 


2. Magnetization Reversal of Ferromagnetic Materials 


In reversing thin films with a magnetic flux of about 0.02 maxwells, an in- 
portant problem is elimination of cross interference induced in the secondary 
winding by a pulse in the primary winding. The secondary winding consists of two 
halves wound in opposition. Moreover, so that the winding would not "ring" like 
an inductance, the secondary winding was made of very thin conductor with high 
resistance (180 ohm/meter). Further to reduce the self-capacitance of the wind- 
ing it was applied so that (t/d) + 4.5-5 (t is the pitch of the turns and d is 
the diameter of the conductor). The secondary winding was applied in figure 
eights, i.e., one turn was wound on one half the frame and then an opposed turn 
was placed on the second half of the frame. Both halves of the frame in both 
windings were made as identical as possible (Fig.5). The primary winding is 
wound on the same frame assembly at a distance of 5 mm from the secondary winding. 


ie one Sb 
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The entire assembly was placed in a copper shield, the dimensions of which satis- 
fied the ratio (Ds/D,)_= 3 (, is the diameter of the winding and D, is the di- 
ameter of the shield) .13 

In the preliminary tests we inserted a 15 mm diameter disk of cold rolied 
KhVP steel 80 p thick into the coil assembly and recorded the reversal pulses. 
The pulses from the secondary winding (four turns) were applied directly to the 
plates of the 10-4 oscillograph. The oscillogram of a reversal pulse for the 
disk is shown in Fig.6. 

The pulses obtained in reversing the magnetization of a very small toroid 
with an inside diameter of 0.9 mm and an outside diameter of 1.5 mm were very 
appreciable: the trace rose almost to the edge of the oscillograph screen (with- 
out amplification). Pulses from thin films naturally require amplification by 
means of a wide-band amplifier such as the UR-4. 
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NANOSECOND CURRENT PULSE GENERATOR FOR INVESTIGATING THE BEHAVIOR OF 
FERROMAGNETIC FILMS 


- 0.S.Kolotov & T.N.Nikitina 


For investigating the switching time of thin films it is essential to have 
4 pulse generator yielding current pulses with an amplitude of several amperes 
and a rise time of the order of 1079 sec. Mercury relay type generators (for 
sxample, the GKI-4 generator) which are sometimes employed in such experiments, 
although they do provide a short rise time (<1 nanosec), have a low repetition 
rate and have a relatively low peak current rating.1,2 Moreover, such genera- 
tors cannot be trigger operated, which may give rise to difficulties in synchron- 
izing the operation of the generator with the operation of the other equipment. 


A high pulse repeti- 
tion rate (greater than 
1000 pps) can be obtained 
only by means of circuits 
employing electronic tubes. 
Actually, using even com- 
mon types of tubes one 
can obtain current pulses 
with a rise time of less 
than 2 nanosec with a 
rather appreciable cur- 
rent. 

Fig.1 shows a pulse 
generator circuit employ- 
ing the principle of suc- 

Fig.1. Nanosecond pulse generator circuit. cessive limiting and am- 
plification of the signal. 

The blocking oscillator, assembled about a 6P14P tube (Tj) produces pulses 
with a rise time of 20 nanosec, a duration of 100 nanosec and an amplitude of 
180 v. This pulse voltage is taken off the secondary of the transformer and ap- 
plied to the input of the cathode-loaded amplifier (tube Tog) operating as a limi- 
ter. The pulses taken off the cathode of Tg have an amplitude of 350 v and a rise 
time of 10 nanosec. They are applied to the input of the next nonlinear amplifier 
(tube T3). This stage limits the pulses and at the same time acts as a power am- 
plifier, so that on the 70 ohm load (coaxial inverter) there appears a pulse of 
320 v amplitude with a rise time of 4 nanosec. This pulse has negative polarity. 
In order to reverse the polarity, we employ a coaxial inverter, the operating 
principle of which is described in Refs.3 & 4. The inverter consists of a sec- 
tion of KPTA coaxial cable wound (8 turns) on a ferrite (Oksifer 2000) ring. 

The core has a diameter of 30 mm and a cross section of 6 x 6 mm. The inductance 
provided by the outer braiding of the cable is sufficient to invert square pulses 
of up to 0.1 usec duration without distortion of their flat top. The plate load 
in the output stage is a section of RK-19 coaxial cable with a characteristics 
impedance of 50 ohm; this cable carries the reversing pulse to the coil surround- 
ing the ferromagnetic film specimen. The peak pulse amplitude attains 280 v, 
which corresponds to a current of 5.6 amp. 

The pulse duration, which is determined by the capacitance of the capacitor 
in the grid circuit of the blocking oscillator, was chosen to be constant and 
equal to 100 nanosec. The rise of a pulse is shown in the oscillogram reproduced 
in Fig.2. It will be evident from the figure that the rise time (from 0.1 to 
0.9 the pulse height) is less than 2 nanosec. 


a At 


- 634 - 


The generator is driven 
by an external positive pulse 
of 40 v amplitude and a rise 
time of 0.1-0.2 usec. If neces- 
sary the generator can be oper- 
ated as a self-excited oscil- 
lator with a pulse repetition 
rate of up to 5000 pps. in 
building the circuit it is es- 
sential to reduce all parasitic 
parameters to a minimum. In 
order to reduce the inductance 
of the plate circuit the 6P13S 

Fig.2. Oscillogram of the leading edge of a tube was enclosed in a 45 mm 
pulse (time markers at 2 nanosec interavls). diameter metal cup. The en- 
tire circuit is assembled of 
standard commercial components; in particular we used KSO type capacitors and VS 
type resistors. Since in the main, the tubes are cut off, the current drawn by 
the plate circuits is small. The mean power dissipated by the tube electrodes 
does not exceed the rated values. 
I desire to thank R.V.Telesnin for his interest in the work 
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AMPLIFICATION OF NANOSECOND PULSES 
- 0.S.Kolotov & T.N.Nikitina 


In oscillographic observation of different physical processes, for example, 
pulses associated with switching of thin films, it is frequently PCE Ns to 
amplify extremely brief signals, i.e., pulses with a duration of 1078-107? sec. 
To assure a clear oscillogram the amplifier utilized must provide an amplifica- 
tion factor of the order of 1000 with the output signal amounting to some tens 
of volts in amplitude. Conventional designs of wide-band amplifiers possessing 
these parameters require the use of a large number of tubes, and such amplifiers 
are complex and hence difficult to build and adjust. 

In a number of cases the problem of amplifying short pulses can be solved 
by pulse operation of the amplifier tubes.1-3 This is accomplished by applying 
a square voltage pulse to one of the tube electrodes, for example, the screen 
grid, thereby "forcing" the operation of the tube for a brief interval including 
the time of arrival of the signal to be amplified. As a result of application 
of the forcing or "supply" pulse there occurs an increase of the plate current 
and the transconductance during the period of the pulse. At the same time the 
section of the grid characteristics over which the transconductance is constant 
is broadened. This makes it possible to obtain under forced operation higher 
values of the output voltage for the same plate load as compared with ordinary 
Operation. Obviously, the duration of the "supply" pulse must be greater than 
the duration of the signal. 

Moverover, the "supply" pulse must be applied sufficiently in advance of 
the signal to permit settling of the electrode voltages. This type of operation 
is particularly convenient when the above sequence can be produced by the inves- 
tigated effect; in other cases it is necessary to introduce an appropriate delay 
line to retard the signal. 


Pulse Characteristics of the Tubes Employed 


i -10 =8i 0 


a Bes, 
ee Oe eS U,V 
Fig.l. Pulse characteristic Fig.2. Pulse characteristic 
of 6Zh22P tubes. of 6V1P tubes. 


For our experimental amplifiers we used 6Zh22P and 6V1P tubes which under 
normal operating conditions have a grid characteristic with a slope of ~30 ma/v. 
. We investigated the operation of these tubes under pulse conditions by pon 
of the pulse generator described in Ref.2. On the basis of the prea re = 
ed pulse grid characteristics we chose the optimum concitions for tae y Soe 
‘tubes, conditions characterized by a maximum value of tne transconductance 
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the range of allowable voltages on the tube electrodes. 

For the 6Zh22P tubes (Fig.1) we chose the following operating conditions: 
voltage on plate and screen grid 450 v, amplitude of pulse applied to the con- 
trol grid 150 v. Increase of the "supply" pulse above 150 v does not produce 
any noticeable increase of the transconductance, but does increase the power 
dissipated by the grid. The maximum slope of the grid characteristic of the 
6Zh22P tube under the above operating conditions is 80-90 ma/v. The important 
point is that this value remains virtually constant over the grid voltage range 
from -4 to +1.5 v (Fig.1). 

The transconductance of the 6V1P tube in pulse operation attains an even 
greater value - 100-120 ma/v (Fig.2) - and remains constant over a grid voltage 
interval of 6 v (plate voltage 1000 v, voltage on screen grid 800 v, voltage on 
dynode 250 v). It is particularly convenient to use tubes with secondary elec- 
tron emission in cases when it is necessary to have a symmetrical voltage at the 
output. When this is required the output signal is taken off the plate and dy- 


node. 


Nanosecond Pulse Amplifier Circuits 


Fig.3. Two-stage amplifier employing 6Zh22P (6}k22m) tubes. (6H6M = 6NGP). 


Substantial increase of the plate current and the slope of the grid charac- 
teristic (transconductance) made it possible to obtain a high amplification fac- 
tor with relatively low values of plate load resistance (of the order of 30 to 
150 ohm), which insures the requisite wide band characteristics of the amplifier 
The circuit of a two-stage amplifier employing 6Zh22P tubes is shown in Fig.3 : 
The voltages on the plates and screen grids are constant and equal to 450 v 
In the absence of a voltage on the control grid, the plate current is deatig 
zero. The tubes are brought into operation by application of a positive pulse 
of 0.6 usec duration and 150 v amplitude to their control grid. This pulse is 
taken off the cathode follower T3.- Upon cutting in of one of the amplifier tubes 
there appears on the plate load of this tube a negative pulse - a pedestal pulse 
~ corresponding to the "supply" pulse. The amplitude of the pedestal pulse ma 
attain 100 v. In case of cascading of several amplification stages one must nro 
vide for compensation of the pedestal pulse arriving together with the signal a 
the grid of the next tube. Such compensation is realized by applying part of the 
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To oscillo— 
scope 


Fig.4. Two-stage amplifier using 6Zh22P (622211) and 6V1P (6B1I) tubes. 
(6H6N = GNG6P). 


positive voltage arriving on the control grid to the grid of the next tube by 
means of a variable voltage divider. 

The magnitude of the compensating voltage is chosen so that the operating 
point on the grid characteristic will correspond to the sign of the amplified 
Signal. The pedestal pulse at the amplifier output is not compensated inasmuch 
as its presence leads only in parallel displacement of the entire oscillogram on 
the screen. The load for the first stage is the 
circuit of the compensating divider with a result- 
ant effective resistance of 75 ohm. The output 
stage is loaded by a coaxial cable with a charac- 
teristic impedance of 150 ohn. 

The amplifier has a gain of 60 with an intrin- 
sic rise time less than 3 nanosec. The maximum 
output signal amplitude is 50 v. 

To obtain a symmetrical voltage on the ampli- 
fier output one can use a tube with secondary elec- 
tron emission. Such an amplifier assembled about 
6Zh22P (Tj) and 6V1P (T,) tubes is shown in Fig.4. 
The load of the first tube is the circuit of the 
Fig.5. Dynamic character- divider with cathode follower T3_,. At the same 
istic of the amplifier with time this circuit performs the following functions: 
the 6Zh22P and 6ViP tubes. 1) unblocks the tube Ty initially cut off by the 

control grid, 2) compensates the negative pedestal 
pulse arriving from the plate of Tj to the grid of Tg and 3) selects the operat- 
ing point on the grid characteristic of Tp in accord with the polarity of the 
emplified signal. The equivalent load resistance of this circuit with respect to 
T, is 100 ohn. 
: The dynamic characteristic of this amplifier is shown in Fig.5, where the 
vertical scale is laid off directly in millimeters deflection of the oscillo- 
The sensitivity of the cathode ray tube is 0.15 mn/v. It will be 


scope trace. 


a be 
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evident from the curve that the amplification 
factor of the circuit equals 150 with a maxi- 
mum voltage of 160 v. The oscillogram of a 

3 nanosec (length at half-height) output pulse 
is shown in Fig.6. 

Obviously, with increase in the number of 
stages it becomes more difficult to compensate 
the pedestal pulse. First, the "supply’ pulse 
must have an ideally flat top and a high degree 


Fig.6. Oscillogram of output of stability, inasmuch as even small variations 
pulse from the amplifier with in the amplitude and shape of the pulse will be 
the 6Zh22P and 6V1P tubes. amplified from stage to stage and can result 
(Time markers = 2 nanosec.) in appreciable distortion of the signal. Second, 


aging of the tubes and fluctuation in the supply 
voltage can lead to shift of the operating points on the grid characteristic and, 
consequently, to instability of the amplification factor. 

We succeeded in constructing a stably operating four-stage amplifier based 
on the above described circuits. By way of loads for the first two stages we 
chose short circuited sections of coaxial cable with a matching impedance. In 
this case there appear on the grid of the following tube two short pulses corre- 
sponding to the edges of the pedestal pulse. In the interval between these pulses 
the grid voltage is virtually zero and consequently does not depend on the power 
supply or aging of the tube. Choice of a zero working point is still possible 
inasmuch as the 6Zh22P tube has a linear section of the grid characteristic even 
in the range of positive grid voltages (to 2 v). 

Obviously, use of short circuited cables (owing to reflection in them) leads 
to limiting of the amplified signal. 

In the first stage we used a section of RK-50 cable with a characteristic 
impedance of 150 ohm; in the second stage, a section of RK-1 cable with a charac- 
teristic impedance of 75 ohm. Obviously, the equivalent load for the first stage 
is 75 ohm; that for the second stage, 37.5 ohm. The length of the cables (6 
meters) corresponds to a maximum duration of the amplified signal of 60 nanosec. 
The amplification factor of the four-stage amplifier is 1600 with a rise time 
shorter than 3 nanosec. 

The amplifier was tested and found to have stable characteristics up to a 
pulse repetition rate of 1000 pps; the current drawn from the plate voltage sup- 
ply does not exceed a few milliamperes. 

I am deeply grateful to P.V.Telesnin for his interest in the work and valu- 
able suggestions. 


Physics Faculty, 
Moscow State University 
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DOMAIN STRUCTURE OF UNIAXIAL FERROMAGNETIC FILMS 
- V.V.Kobelev & A.A. Korsunskii 


By now there is an extensive literature on the structure of ferromagnetic 
films. Most studies of the domain structure of films have been carried out by 
the powder technique (see, for example, Ref.1). This technique, which allows 

of substantial magnification of the observed image, is useful for investigation 
of individual sections on the surface of a magnetic films and observation of 
individual walls. At the same time, the powder technique has a number of short- 
comings: it involves an inertial factor inasmuch as under dynamic conditions the 
powder particles must follow the wall motion; it is not generally suitable for 
observation of the overall domain pattern on relatively large specimens; it in- 
volves applying a magnetic suspension to the surface of the film which can ob- 
viously lead to changes in the magnetic properties of the film. 

In present study we used the Kerr magneto-optic effect for observing the 
magnetic structure of films. As compared with the powder technique, this proce- 
dure is lag-free and allows of observing the domain structure of large specimens 
but has serious limitations as regards magnification of the image. 

The optical system of our set-up, which is similar to that described by Fow- 
ler & Fryer4, is shown in Fig.1. A beam of linearly polarized monochromatic light 
is incident on the surface of the specimen7 at an angle of 60°. The light reflect- 
ed from the specimen, after passing through the analyzer, is focused by lens 9to 
form an image on the tilted screen 
or photographic plate. The screen 
or plate must be tilted at the same 
angle as the incident beam in order 
to obtain an undistorted image. 

Our light source was a high 
pressure krypton-xenon tube (GSVD- 
120) , Polaroid films were used for 
the analyzer and polarizer. 

The uniform magnetic field in 
the region of the specimen is pro- 
Fig.1. Optical system of the set-up for ob- duced by a system of two pairs of 
serving the domain structure of ferromag- square coils, mounted perpendicular 
netic films: 1) light source, 2) condensing to each other along the sides of a 
lens, 3) aperture, 4) collimator, 5) inter- cube. One of the coil pairs pro- 


ference light filter, 6) polarizer, 7) duces a field Hz in the plane of 
specimen, 8) analyzer, 9) lens, 10) view- incidence of the light; the other 
ing screen or photographic plate. pair produces a field H, perpendicu- 


lar to the plane of incidence. The 
specimen is mounted in the center of the cube so that the field produced by the 
coils is always in the plane of the film. 

The ferromagnetic films were prepared by vacuum (3-10-75 mm Hg) evaporation 
of the appropriate ferromagnetic material onto a heated (300°C) glass substrate 
in a magnetic field of the order of 50 oersted aligned with the plane of the sub-. 
strate. By way of substrates we used 18 mm cover glasses 0.2 mm thick. We pre- 
pared films of Permalloy type alloys containing from 80 to 83% nickel. Through 
the use of a masking arrangement up to 9 specimens 1 cm in diameter could be de- 
posited simultaneously. 
| Specimens prepared by this procedure have pronounced uniaxial anisotropy; 
the easy axis is aligned with the field direction during deposition. 


— 


H=1650 


Fig.2. Domain patterns 
recorded during reversal 
of a 1400 A thick film 
of 83% Ni + 17% Fe alloy. 


In our experiments no dielectric coatings were applied to the ferromagnetic 
films, although it is reported3 that by means of such coatings one can enhance 
the Kerr magneto-optic effect. 

The domain structure appearing as a result of magnetization reversal of uni- 
axial films specimens with the field parallel to the easy axis is generally of 
the same type, provided the magnetic anisotropy of the specimens is pronounced. 
We did not observe complicated patterns like those described by Fowler, Fryer & 
Stevens“ and any effects of aging. 

By way of illustration in Fig.2 we show the successive stages of magnetiza- 
tion reversal of specimen No.315 prepared by evaporation of 83% Ni + 17% Fe al- 


loy. ,The thickness of this specimen according to interferometer measurements was 
1400 A, 
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The specimen was mounted so that the easy axis was in the plane of incidence 
of the light. The reversal was produced by a field H, in the same plane. First, 
by pecus of a strong negative field H, the specimen was brought to the saturated 
state’, then the negative field Hz, was gradually decreased to zero, and then re- 
versed and increased. Successive photographs of the domain structure were made 
at different increasing field values. 

The amount of light incident on the film is so small that the domain struc- 
ture can barely be distinguished visually. Hence for photographing the patterns, 
we used a fast film (180-250 GOST units) and exposure times of from 1 to 3 min. 

In decreasing the field from the saturation value to zero, aS a rule, no 
domain structure was observed. If nuclei were present their size must have been 
inferior to 0.1 m. 

In a positive field of 1.0 oersted there appear near the upper and lower 
edges of the film small domains in the form of light spikes. With increase of 
the positive field these spikes at first increase slowly, then more rapidly, 
until they finally merge and the new phase covers almost the entire surface of 
the specimen. Usually at the right or left edge there persists for some time 
an island within which the wall movement is slowed. Usually this island disap- 
pears abruptly, and the specimen attains the saturated state. 

When the specimen is almost completely saturated, there still persist at 
the edges of the specimen nuclei of the old phase. These are clearly discernible 
in the two last photographs of Fig.2. It will be seen that the spikes do not 
have even straight walls characteristic of crystals. The walls have minor inden- 
tations or bulges, which indicate the presence of a number of imperfections, ap- 
parently more or less uniformly distributed over the area of the film. In all 
cases without exception nuclei of the new phase appear at the edge of the filn, 
which is understandable inasmuch as the reversing field is strongest in these re- 
gions. 

Inasmuch as in the photographs of Fig.2 the magnetization is directed paral- 
lel to the easy axis and is opposite in direction in the light and dark domains, 
we can construct the hysteresis loop, by which we understand the variation of the 
total magnetic moment of the specimen as a function of the external magnetic 
field. It can readily be shown that the magnetic moment is proportional to the 
ratio of the difference between the areas of the light and dark regions to the 
total area. 

The hysteresis loop corresponds to the photo- 
graphs of Fig.2 is shown in Fig.3. The "integra- 
tion" of light and dark areas was carried out by 
the simple expedient of cutting the photographic 
prints along the domain walls and weighing the 
pieces on an analytic balance. 

The complementary part of the hysteresis loop, 
corresponding to reversal in going from negative 
to positive fields, was plotted on the basis of 
symmetry. 

The high degree of rectangularity in the 
hysteresis loop shown in Fig.3 is not at once 


-Fig.3. Static hysteresis evident from superficial examination of Fig.2. 
loop for specimen reversed This is because the photographs of Fig.2 were 
with the magnetic field not taken at equal intervals of Hz. The photo- 
along the easy axis. graphs are spaced closer together in the region 


of steepest rise of the loop. 
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Fig.5. Direction of spike domains in mutually perpendicular fields. 


As Prutton5 noted earlier, in repeat magnetization reversal of a film speci- 
men the domain structure repeats only in a general way. For example, in the case 
of specimen No.315 (Fig.2) it always goes to completion on the right side earlier 
than on the left, but the shape of the spikes and their number vary from one re- 
versal to another to an appreciable extent. The photographs of Fig.4 (specimen 
No.31l1, prepared in the same batch with No.315) show the domain structure obtain- 
ed in repeat reversals at approximately the same field value, i.e., corresponding 
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Fig.6. Inclination of spike domains with the perpendicular field 
He in opposite directions. 


to the same point on the vertical part of the hysteresis loop. Of course it is 
impossible to assert that the field value was precisely the same, but careful 
examination of the photographs shows that they are not successive stages of the 

“Same process. 

If a domain structure is produced by applying an external field, and then 
the field is removed, the domain walls do not change position, i.e., do not "re- 
treat". The walls also do not move if the field is brought back up to the given 
value. Instead, there appear at the edges of the film domains in which the mag- 
netization is directed along the field; with increase of the applied field these 
domains grow and eventually absorb all the domains of opposite magnetization. 

' The domain structure obtained in reversing by means of a field directed 
along the easy axis with simultaneous application of a field along the difficult 
axis does not differ radically from that described above. There are, however, 

“some minor but significant differences. Thus the stronger the field H, in the 

difficult direction, the lower the value of Hz at which domains begin to appear 

and grow. The field H, corresponding to the end of reversal (saturation or com- 
plete disappearance of walls) also decreases with increase of H,, but more slow- 
ly. It is interesting to note that the first spikes are inclined relative to 

the easy axis in the direction of the resultant applied field; this will be ap- 

“parent from Fig.5 in which the arrows indicate the direction of the external field 

and the mean orientation of the spikes. The angle between the direction of the 

spikes and the direction of easy magnetization is smaller than the angle between 
the easy axis and the external field (Hy + H,). With growth of the domains this 
inclination of the spikes becomes less noticeable and near the center of the 
specimens the walls run roughly parallel to the easy axis. 

F With increase of the transverse field H, the first spikes become narrower 

and longer. Simultaneously with increase in the number of domain walls there is 

‘observed another interesting effect: the walls are deflected away from the easy 

axis, the tilt being not in the direction of the field but in the opposite direc- 

tion. The two photographs of Fig.6 show the domain structure obtained in the 

“course of reversal in the presence of a field H, of the same value but applied 

in opposite directions. Clearly apparent is a fine domain structure with the 


walls tilted in opposite directions. 


a 


, 
: 
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Fig.7. Orientation of magnetization 
vectors in the vicinity of a wall. 


Fig.8. Diagram illustrating 
the inclination of a domain 
wall in a uniaxial film.—~> 


In order to explain this at first glance puzzling phenomenon we must analyze 
theoretically the case of a film specimen divided by a straight wall (AjAp in Fig. 
7) into two domains with arbitrary directions of magnetization. 

Assume that in one region the magnetization I, is directed at an angle 41 
relative to the horizontal, and that in the second region the magnetization I: 
forms an angle gz with the horizontal axis. We place our origin O on the wall, 
and draw a normal N to the wall at this point. 

Then the projections of Ii and Iz on the normal N will be 


lin = I cos (q, — 

1N (1 Vs (1) 
Inn = I cos(@2— ¥). 

If J,y=4I,y, there will appear at the wall magnetic poles of density m: 


m = (Iyw— Igy) 8, (2) 


where 5 is the thickness of the film. The presence of free magnetic poles re- 
sults in a large magnetostatic energy. Hence there will be a tendency for this 
energy to decrease, i.e., for the wall to move so there will be no magnetic poles 
on it. 


The angle _ corresponding to absence of poles on the wall is not equal to 


zero for any values of g, and @. Actually the condition for absence of poles on 
the wall is of the form 


Iw =I,n or cos(pi— 7) = cos (~2—7), = 


from which it follows that either 
Ne age Os hs foe a 
~ (4a) 
fi— ¥ = — (2 — 7) (4b) 
Condition (4a), obviously, cannot be realized. Hence y is defined by (4b): 


ponte, (5) 


Consequently, N is directed along the bisector of the angle between I: and Ie 
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For example, in the case of antiparallel domains (qi = 0° and q: = 180°) , 
we obtain y = 90°, Consequently, the wall is parallel to the magnetization vec- 
tors; this is the typical case of 180° walls in a uniaxial film in the absence 
of an external field. 

When 9, = 0 and 9, = 90°, we obtain y= 45°, which represents the typical 
case of a 90° wall in a uniaxial film in zero field. 

Now let us consider in more detail the case of a wniaxial film fragmented 
into domains and located in an arbitrary external field. We assume that condi- 
tion (3) is satisfied. 

Then thepoles associated with a wall rapidly weaken in going away from the 
wall, and the direction of the magnetization in each individual domain is deter- 
mined only by the influence of the external field and the anisotropy field. As 
was shown by Proebster et al® the direction of magnetization in a uniaxial film 
can be determined by drawing the tangent from the point characterizing the ex- 
ternal field to the arc of an astroid (Fig.8). It can readily be demonstrated 
that a domain structure can exist only at fields corresponding to points lying 
within the astroid, inasmuch as from these points one can draw two tangents to 
the astroid, and, consequently, there are two stable equilibrium states for the 
magnetization. 

Assume that the wall is moving in fields h, and h, which corresponds to 
point P inside the astroid. We define the directions of I; and I: by the acute 
angles a, and a; in this case we measure «a, in the opposite direction from that 
assumed in deriving Eq.(5). Consequently, in Eq.(5) we must substitute «a, for 
gi and a, for o, — 180°. Then 

ea cay (6) 


Obviously, the angle Az between the wall and the easy axis equals 7 - 90° 


Aa = 25", (7) 
; Even without finding the precise analytic expressions for a1 and az, it is 
clear that Aa cannot be large. It is obvious that on the horizontal and vertical 
axes Aa = 0. Near the right and left cusps of the astroid Aa is small, inasmuch 
as a, and a, are small. Near the upper and lower cusps of the astroid, Aa is 
small inasmuch as here a, and a, are both close to 902, while their difference 
is small. 
! In order to determine the maximum possible value of Aa, let us find the ana- 
lytic expressions for a, and a. From the equation for an astroid it follows 
that BC = sin? a,, OD = cosa, and OB = cos*ap. From similarity of the triangles 
SBD and PFD we have 


SB PE sin? a, hee 

BDFD °F “cosa,—cos*a, ~ 008 t— hy, (8) 
Transforming the above, we obtain 
Sin a. — tg aghz = hz. (9) 
Proceeding analogously we obtain 
Z sin o, + tea, h, = hg. (10) 
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Thus we must find the maximum of Aa under the conditions of (9) and (10) in the 
region defined by 
ie eas 
hz 0; (11) 
[Pee 


In terms of our angles this corresponds to 0<a<90° and 0<a,.<90°. The extremum 
values of Aa in the region (11) can readily be found by Lagrange's method of mul- 
tipliers. Accordingly, we add to Eq. (7) Eqs.(9) and (10), multiplied by }, and 
ho» respectively, and seek the extremum values of the function 


Ome aT” + Ay (sin o& + tg ah, — hx) + Ag (sin % — tg ooh, — Nx), (12) 

Taking the partial derivatives of @ with respect to the variables 4, 4, lizy Tt, Nee 
and 4,, and equating them to zero, we obtain a set of equations for finding the 
maximum and minimum values of Aq. 

We shall not write out this cumbersome set here, particularly since it has 
a single trivial solution, % oe Fie h, = 0, corresponding to an inflection 
point. There are no maxima or minima inside the region. Consequently, the maxi- 
mum of Aq is located on the boundary of the region (11). 

The maximum of Ag on the boundary can be found if we express h, and h, in 
terms of a: h, = costa, and h, = sin?a,. Inserting these expressions in (10), we 
obtain 


sin ay 
COS Oy 


sina, + COS? &. = sin? a>. (13) 


The above equation can readily be brought to the form 
sin (4, — a2) = S sin 2a». (14) 


The angle difference on the left is 2Aa. Hence its maximum can readily be found 
by differentiating (14) with respect to a, which yields 


Ot, = 45° and Admax = 19°. (15) 


It follows from the above that the domain wall must be deflected relative 
to the easy axis to the side opposite the direction of the external field, and 
that the angle of inclination cannot be large. 

The above described tilt of the domain walls substantiates the hypothesis 
that in the first approximation rotation of magnetization inside domains is in- 
dependent of the location and movement of the domain walls. 


Institute of Precise Mechanics and Computing Technology, 
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INVESTIGATION OF THE SWITCHING TIME OF FERROMAGNETIC FILM ELEMENTS 
‘ ~- I.A.Efimov 


Depending on the external conditions, the switching time of ferromagnetic 
film elements may vary from as much as a second down to a few nanoseconds. 

Since rapid switching is required for practical applications, we made an at- 
tempt to investigate the faster processes lying in the range from 500 to 30 nano- 


sec. The lack of superwide band equipment made it impossible to observe shorter 
processes. 


1. Set-up for reversal of film elements by 
a longitudinal field 


The switching of film elements in a longitudinal field (field parallel to 
the easy axis) in the simultaneous presence of a transverse field was carried out 
on a special set-up designed and built in our institute. 

The reversing and return of the film element to the initial state of satura- 
tion is realized by two consecutive pulses well separated in time. The magnetic 
fields produced by these pulses act on the film element in opposite directions. 

A diagram of the set-up is 
shown in Fig.1. The reversing or 
driving pulses are generated by dis- 
charge of the coaxial line CL through 
the mercury relay Re, and are sent 
down the strip transmission line PS 
consisting of two parallel plates. 
The investigated film element E is 
located in a pick-up loop between 
the strips, the width of which is 
sufficient to assure the necessary 
uniformity of the field. 

The signals from the audio- 
oscillator AO go to the winding of 


SE aa the electromagnet EM actuating the 
Fig.1. Set-up used to study magnetization armature of the mercury relay and 
reversal of film elements. simultaneously to the thyratron 


generator TG; the pulse from this 
generator goes to the system of two circular coils CC which produce the resetting 
field that brings the element to the initial state (of saturation). 
The film element E is placed in one arm of the pick-up loop PL. The output 
‘signal is carried by the coaxial cable K to the input of the UR-1 amplifier and 
then goes to the amplifier of the DESO-1 oscillograph, and is viewed on the screen. 
7 The described system of two parallel plates assures a field directed parallel 
to the plane of the strips. The field at any point between the strips can be cal- 
culated by means of the formula 


where @g, and g, are the angles at which the strips are viewed from the given 
‘point, I is the amplitude of the current pulse and / is the width of the strips. 

2 The set-up is designed for testing specimens 1 cm in diameter; accordingly, 
to meet the requirements as regards uniformity and strength of the reversing field 


Co 
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the strips are made 14 mm wide and are separated 
2 by a 2.5 mm gap. The length of the strips is 
150 mm. | 

With the given geometry, the field intensity 
from the center of the strips to the edge falls 
off by about 5%. 

The strips were made of plates of laminated 
insulation lined with 50 py thick foil. The cen- 
tral parts of the strips, where the element is 
located, are subdivided into substrips 1 mm wide 
Fig.2. Pick-up loop. with 0.3 mm intervals between them. This sub- 

division of the strips reduces the eddy current 


loss in the foil. 

The design of the two-arm balanced pick-up loop, modeled after that employed 
by Smith! , is shown in Fig.2. Here 2 and 3 are the upper and lower strips. The 
loop of thin manganin wire 1 is attached at two points to the lower strip; the 
points of attachment are 48 mm apart along the length of the strip and are at 
equal distance from its edges. The resistance of the wire is 7.2 ohms. The sig- 
nal is taken off the midpoint of the wire by the coaxial cable 4, the inner con- 
ductor of which is connected to the midpoint of the loop, while the outer braid 
is connected to the lower strip. Thus there are formed the two loops necessary 
for compensation of the interference induced by air coupling between the loops 
formed by the manganin wire and the lower strip, one of which closes the magnetic 
circuit of the element 5, lying on the glass support 6. In view of the equal re- 
sistance of each arm of the loop, a signal of only half the full amplitude is 
picked up. In order to avoid a shorted loop, it is essential to use a wire with 
a high resistance per unit length. The polarity of the output signal changes to 
the opposite if the specimen is transferred from one arm to the other of the loop. 
In our experimental work the element was always placed in the same arm, while the 
other arm was used for controlling the interference level. The pick-up loop was 
shielded by an arch of 50 pw thick foil 7. The purpose of this shielding is to 
reduce the interference connected with variation of the electric field. 

In the described set-up the amplitude of the driving pulses could be varied 
from small values up to 12 amp, which is equivalent to variation of the field 
intensity from low values to 10 oersted. 

To obtain these pulse amplitudes the discharge line was made of three paral- 
lel sections of RK-19 coaxial cable (characteristic impedance 50 ohm), each 15 
meters in length. Use of this discharge line made it possible to limit the charg- 
ing voltage to 400 v. 

The duration of the driving pulse is 150 nanosec. The pulse rise time in 
discharge of the line through the mercury relay is usually less than 1 nanosec. 
Such a pulse duration is permissible in view of the low resistance of the relay 
contacts in the closed state. 

The strips were terminated by a 50/3 ohm load. The parallel RK-19 cables 
are also used for carrying the pulses to the strips. 

The mercury relay and its magnet are identical with those used in the GKI- 
4B mercury relay generator. 

The repetition rate of the reversing pulses is determined by the resonance 
frequency of the relay armature and usually lies in the range from 150 to 200 pps. 
As noted above, the investigated element is returned to its initial state by a 
pulse through the two circular coils (CC in Fig.1). The current pulse produced 
by a discharge of a capacitor through the thyratron, flowing through the coils, 
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produces a field of the order of 10 oersted, which is sufficient for returning 
the element to the initial state of saturation. 

The constant transverse field is produced by a pair of square coils (not 
shown in Fig.1), located to either side of the strips. The maximum value of the 
transverse field is ~9 oersted. 

The switching signal is observed on the screen of the DESO-1 oscillograph, 
the sweep of which is triggered by the driving pulse, as shown in Fig.l. 

The procedure used for measuring the switching time is the following. First, 
the free arm of the pick-up loop is adjusted in height so as to obtain a minimum 
value of the air coupling signal at maximum amplitude of the driving pulses. In- 
asmuch as one cannot fully compensate or suppress the interference, the interfer- 
ence pulse is first photographed for each test amplitude of the driving pulses. 
Then the film element is inserted in the pick-up loop and the output signals at 
different driving pulse amplitudes and values of the transverse field are recorded. 
The resultant series of photographs is processed as follows: 1) the signal and 
corresponding interference pulses for each driving pulse amplitude are transfer- 
red to a sheet of drawing paper by means of a diascope; 2) the test time interval 
is divided into a certain number of strips and the ordinates of the interference 
are subtracted from the ordinates of the signal to obtain the signal minus inter- 
ference curve; 3) the resultant signal curve is integrated; 4) from the resultant 
curve, characterizing the time variation of the magnetic flux, the switching time 


is determined as the time for change of magnetization from the 0.1 to the 0.9 lev- 
el. 


2. Experimental results 


As noted above, with a pick-up loop of the described design it is impossible 
to compensate completely the interference signal due to air coupling. An oscil- 
logram of the picked up signal in the absence of an element is shown in Fig.3. 
The peak interference amplitude is 5-7 mv. The shape of the trace shows that the 
interference is oscillatory. 


Fig.3 Fig.4 


While so high an interference level hampers investigation, one can still 
draw certain deductions regarding the processes occurring in elements reversed 
by a longitudinal field on the basis of the observed signals. : 

The reproduced oscillograms illustrate the characteristic signals obtained 
under different reversal conditions. Figs.4 & 5 show oscillograms obtained in 
cases when complete switching is not realized during the time of the driving 
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pulse. Fig.6 shows an oscillogram obtained in the case of complete reversal of 
the element; Fig.7 illustrates the case of rapid switching. 


Fig.5 Fig.6 


The reproduced oscillograms were 
photographed with a sweep time of 300 
nanosec, while the duration of the 
driving pulse was 150 nanosec. 

Using the above procedure for 
measuring the switching time, we de- 
termined for one of the test speci- 
mens, which had a thickness of 1400 
A, the variation of the reciprocal 
of the switching time (1/T) as a func- 
tion of the longitudinal driving 
field H with different values of the 

Fig.7 transverse field. The results are 
shown in Fig.8. In the same figure 
we also give the corresponding static hysteresis loops. 

It will be evident from the figure that increase of the transverse field 
leads to more rapid switching of the film element. The calculated values of the 
switching coefficient S, for the indicated increasing values of the transverse 
field are 0.185 (zero field), 0.182, 0.15, 0.13 and 0.12 oe-usec. 

The amplitude of the observed pulses depends on the reversing conditions. 
For a reversal time of about 30 nanosec the amplitude is approximately 40 mv. 

It must be borne in mind that with the given loop design only half the signal 
goes to the amplifier. Thus, a film element 1 cm in diameter switching in a 
time of the order of 40 nanosec yielded an emf of the order of 80 mv in one arm 
of the pick-up loop. Taking this into account we find that for the investigated 
element the total (i.e., double) value of the remanent flux is approximately 
0.12 maxwells. 


Conclusions 


Magnetization reversal of film elements along the easy axis occurs rapidly 
only at relatively high values of the driving field (~10 oersted). In the pres- 
ence of a transverse field the duration of the reversal processes is reduced. 

It must be borne in mind, however, that at the same time the coercive force 
of the element is also diminished. The switching times in fields equal to twice 


Fig.8. Variation of the reciprocal 
of the switching time as a function 
of the longitudinal field H at dif- 
ferent values of the transverse 
field. 
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the coercive force are 500, 120, 100, 80 
and 70 nanosec at values of the transverse 
field used in recording the curves shown 
in Fig.8. The protraction of the reversal 
time in low transverse fields is explained 
by the slowness of wall motion processes. 
Hence in designing storage devices em- 
ploying film elements, one must try to pro- 
vide operating conditions under which wall 
motion does not occur, i.e., conditions con- 
ducive to rotation reversal. 
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FERROMAGNETIC RESONANCE IN THIN FILMS 
~ L.V.Kirenskii, V.A.Ignatchenko & O.G. Baklanov 


The effect of ferromagnetic resonance (FMR) has been utilized by a number 
of authors for investigating some of the magnetic characteristics of thin films. 
Where thin films are concerned the FMR technique has some advantages over other 
procedures, in particular, it allows of obtaining a higher sensitivity and ac- 
curacy by relatively simple means. 


1-3 


We used FMR to determine the 
saturation magnetization and aniso- 
tropy constants of thin ferromagnet- 
ic films. The experimental arrange- 
ment is diagramed in Fig.1. Micro- 
wave oscillations, generated by the 
standard 43I oscillator, are modu- 
lated by square pulses produced by 
the square pulse generator G. The 
subcircuit consisting of the direc- 
tional coupling Hp, the detector Dy, 
the 28IM amplifier and oscillograph 
01 serves to monitor the operation 
of the generator, Most of the micro- 
wave power is incident on the slit S 
coupling the resonant cavity with the 

Fig.1. Block diagram of the apparatus. waveguide. The cavity is cylindri- 

cal and is excited in the TE, mode. 

The specimens, in the form of disks, are mounted on the back wall of the cavity. 
The diameter of the disks is substantially smaller than the diameter of the cavi- 
ty so that one can neglect deviation from parallelism of the lines of force of 
the magnetic component of the microwave field. ‘The apparatus has provision for 
rotation of the film specimen in its plane. The quantity measured is the reflect- 
ed power arriving at detector Dj through coupler Hg. In order to enhance the 
sensitivity of the set-up the initial level of the signal taken off detector Do 
is compensated by a signal arriving in antiphase from detector Dj. The differ- 
ence between these signals is applied to the amplifier and then to the detector 
synchronized by pulses arriving from the generator G. The amplified and detected 
signal is recorded by the galvanometer A. Oscillograph 09 serves for monitoring 
the operation of the phase detector and compensator. The resonance chamber is 
placed between the pole pieces of an electromagnet, which is supplied from a regu- 
lated UIP-1 source. The applied field is parallel to the plane of the film and 
perpendicular to the magnetic component of the microwave field. 

The thin films were prepared by cathode sputtering at a vacuum of ~107-5 mm 
Hg. They were deposited on 18 mm diameter cover glasses heated to about 300°C. 
During deposition a field of ~100 oersted was applied in the plane of the film 
to produce artificial anisotropy. So far we have investigated a number of Perm- 
alloy films and one cobalt film. In the former case, the composition of the ini- 
tial alloy was 80% Ni + 17% Fe + 3% Mo; the composition of the film was not check- 
ed. The thickness of the film was measured by the Shklyarevskiit technique on an 
UM-2 monochromator. 

As was first shown by Kittel, the position of the FMR peak for an ellipsoid- 
al ferromagnet is given by the expression 
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Oey a 

(=) = (7+ HY) (H+ HB), (1) 
where » is the angular frequency, y is the gyromagnetic ratio, His the applied 
magnetic field, Hj and H} are the effective demagnetizing fields due to aniso- 
tropy of shape, elastic stresses and crystallographic structure (FH esa Peas 


sical). With good approximation a thin film may be regarded as a greatly flat- 
tened ellipsoid. Then 


io a Ans, Howe 0, (2) 


where /,is the saturation magnetization. 

As noted above, the films were sputtered on at high temperatures. In view 
of nonequality of the thermal expansion coefficients of the metal and substrate, 
upon cooling there are set up in the film radially symmetric elastic stresses. 


‘The associated effective demagnetizing fields were calculated by MacDonald® and 
Griffiths?: 


SAE 
HY = Goar, Om—as)AT, Hi” =0, (3) 


where i is the isotropic magnetostriction, E is Young's modulus, co is Poisson's 
ratio, a, and %,are the temperature coefficients of expansion of the metal and 
substrate, and A7 is the temperature difference. Since the parameters of the 
metal entering into this equation are known only approximately, one can make only 
a rough evaluation of the contribution from elastic stresses. However, in view 
of the fact that H?° is small compared with H7*, this does not introduce any ap- 
preciable error into the final results. 
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Fig.2. Variation of /, of Permalloy films as a function of thickness. 
Fig.3. Variation of the resonance field with the angle of rotation of a co- 
balt film. 


General expressions for the effective crystallographic anisotropy field in 


a single crystal were deduced by MacDonald®. For the particular case of a hexa- 
- gonal crystal the expressions are 


ae = os (Ky +[2Ks) (v3 — Yar) + 2K 2 (37 — 1) Yel) 


[pee a [(Ky =e 2K) (31 — 1) aE 2K, 371 — 31) Yail- 


~ 


(4) 


Actually the anisotropy of thin films is not of crystallographic origin, but for- 
mally it can be described by expressions of the above form, where Kk, and K, are 
the effective anisotropy constants. 
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The results of measuring the saturation magnetization of thin Permalloy 
films are shown in Fig.2. Our curve is qualitatively similar to that obtained 
by Tannenwald & Seavey? for 80% Ni + 20% Fe films; however, in our case the sharp 
drop in saturation magnetization occurs at film thicknesses one order of magni- 
tude greater. This may be due to the difference in chemical composition, but 
more likely is attributable to inadequate homogeneity of our films. We did not 
detect anisotropy effects in the case of our Permalloy films; hence the anisotropy 
does not exceed 103 erg/cm’, 

In the case of the cobalt films (3200A) we observed a pronounced variation 
of the resonance field with the angle of the film (Fig.3). Using Eq. (4) one can 
readily calculate the value of the effective anisotropy constant Ke if we set 
K, = 0. We obtain H? =!2Ki fly = 175 oersted. If we further assume that /, = 
= 1.42-103, we find K; = 1.24-105 erg/cm3. 

I take this opportunity to thank T.A.Stepanova for assistance in carrying 
out the work. 
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_ MEASUREMENT OF THE HYSTERESIS LOSS IN THIN FILMS IN A ROTATING MAGNETIC FIELD 
- N.I.Sudakov, M.K.Savchenko, E.K.Zagirova & I.I.Starostin 


Many investigators!76 have measured the anisotropy constant and the hystere- 


sis loss in a rotating magnetic field by means of a torquemeter or similar instru- 
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ment. But in these investigations the specimens were either single crystals or 
grain oriented substances in the form of a sphere or disk of considerable volume. 
Where investigation of thin ferromagnetic films by the torque method is con- 
cerned, one can cite only two studies: the first, by Kotel'nikov’, is devoted to 
the anisotropy of electrolytically deposited iron films; the second® gives a 
description of a sensitive anisometer for direct measurement of the magnetic 
anisotropy in thin layers, an analysis and evaluation of the effect of differ- 
ent parasitic factors on anisotropy measurements and suggestions on eliminat- 
ing measurement errors. 


Experimental Procedure and Specimen Preparation 


In the present paper we give the result of measurements of the hysteresis 
loss in a rotating magnetic field and of the anisotropy constants of thin Permal- 
loy films by the torque method. 

The magnetic field was supplied by a special electromagnet designed in the 
Physics Laboratory of the "M.I.Kalinin” Krasnoyarsk Institute of Nonferrous Metals 
and built by the Krasnoyarsk Heavy Machine Building Plant. 

The values of the mechanical torque re- 
sulting from action of the magnetic field on 
the ferromagnetic film was measured by means 
| of an Akulov type anisometer with a somewhat 
modified gage. High sensitivity of the aniso- 
meter was attained by using a thin (0.1 mm) 
and long (0.5 meters) suspension filament made 
of tungsten wire. The scale for reading the 
angle (light spot reflected from the aniso- 
meter mirror) was located at a distance of 
4.05 meters from the instrument. 

To protect it from air currents the en- 
tire torsion system was enclosed in a dural 
hood with a glass window for passage of the 
light beam. A general view of the apparatus 
is given in Fig.l. 

Most of the experimental observations 
were carried out on three Mo-Permalloy films 
400, 800 and 1300 A thick. The films were 
prepared by vacuum (4-1075 mm Hg) evaporation 
of Mo-Permalloy (80% Ni, 17% Fe & 3% Mo) onto 

Oe Fete glass substrates heated to 300° in a 90 oer- 
Fig. 1. Anisometer. sted magnetic field produced by a pair of 
Helmholtz coils. The substrates were 18 mm 
diameter cover glasses. 


Results and Analysis 
The electromagnet employed in the experiments had square pole pieces (19 x 


| 19), and a gap of 4 cm. The magnet field was calibrated and checked for uniformity 
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by means of a ballistic set-up. Square pole pieces were chosen to assure a 
uniform field. Prior to each series of observations the suspension was care~ 
fully cleaned to remove possible contaminants containing ferromagnetic substances; 
the angle of inclination of the substrate relative to the horizontal was measured 
both in zero field and in the presence of a strong field. 

Inasmuch as during rotation of the magnetic field about the specimen, in 
addition to the rotational moment (torque) due to anisotropy of the film, the 
set-up detected parasitic torques due to any field gradient at the edges of the 
pole pieces, the presence of para- and diamagnetic components and partial asym- 
metry of the suspension system, we first recorded the torque curves for each 
field value with an uncoated substrate in the specimen holder. These curves 
were recorded by the method of visual observation of the deflection of the light 
spot from the zero division as the magnet was rotated 360° first one way and 
then the other. The deflections, proportional to the torque, were read every 
10° rotation of the electromagnet. These observations gave us the tare’ torque 
curves for clockwise and counter-clockwise rotation of the magnet. 

Then using the same procedure we recorded the torque curves with specimens 
in place. The appropriate "tare" curve was then subtracted from each of the 
specimen curves. 

Errors introduced by eccentricity of the specimen can be eliminated by har- 
monic expansion of the experimental dependences. As a result we obtained a curve 
of the torque due to anisotropy of the film. The specimen, "tare’ and difference 
curves obtained in a 700 oersted field are shown in Fig.2. Fig.3 shows the com- 
ponent curves obtained by harmonic analysis of the difference curve. 
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Fig.2 Fig.3 
Fig.2. Torque curves obtained in a 700 oersted field: a) without specimen (un- 
coated cover glass), b) with specimen, c) difference curve. 
Fig.3. Resolution of the torque curve by Fourier analysis: a) differ- 
ence curve, b) component with period 2x, c) component with period x 
(this is the true torque curve due to anisotropy of the film). 


As will be evident from Fig.3 the function with the greatest amplitude has 
a period nx, which indicates the presence of uniaxial anisotropy. Using the data 
arrived at in the same manner for all three films in an 8500 oersted field, we 
calculated the anisotropy constants and obtained K = 1.4°103 (1300 A film), K = 
= 0.85-103 (800 A) and K = 0.75°10°% (400 A). 

The values of the hysteresis loss per cycle in the rotating field were cal- 
culated from the areas between the torque curves by means of the formula 


Q. == | May, 


where M is the torque and t) is the angle of rotation of the field. 
were determined by means of a planimeter., 
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Fig.4. Variation of the maximum 
torque as a function of the ex- 
ternal magnetic field and the 
film thickness. 
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_Fig.5. Variation of the hystere- 
sis loss in a rotating magnetic 


field as a function of the ap- 
plied field and the thickness of 


_ the Mo-Permalloy filn. 
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The areas 


Conclusions 


Analysis of the difference torque curves 
and the results of hysteresis loss measure- 
ments for each of the Mo-Permalloy films 
point to the following conclusions. 

1. There is no change in the period of 
the sinusoidal torque curves with increase 
of the rotating field. In the experimental 
field range from 50 to 8500 oe the main 
torque curves have a period equal to x, i.e., 
all the investigated films possess uniaxial 
anisotropy. 

2. The magnitude of the maximum torque 
with increase of the applied field varies 
in the same way as in the case of crystallo- 
graphic anisotropy of single crystals, but 
the increase in the magnitude of the torque 
in the range of medium fields is slower in 
the case of films. 

3. The maximum torque in the entire in- 
vestigated field range increases with in- 
creasing film thickness (Fig.4). 

4. The hysteresis loss in a slowly ro- 
tating magnetic field increases with increase 
of the field in the same way as the loss in 
cyclic magnetization reversal (Fig.5). This 
character of the field dependence of the hys- 
teresis loss in a rotating field is in sharp 
conflict with the theoretical predictions 
of N.S.Akulov deduced for rotational hystere- 
sis in single crystal bulk specimens. Ac- 
cording to Akulov's theory, with increase of 
the field the hysteresis loss should at first 
increase, go through a maximum and then drop 
to zero in fields approaching the saturation 
field. 

5. The hysteresis loss depends on the 
film thickness: with increase in thickness 
the loss increases somewhat. 

6. As regards anisotropy, films deposited 
in the absence of a field from the Helmholtz 


coils do not differ from films prepared in the presence of a magnetic field. This 
; is shown by a series of curves recorded for films prepared in the presence and 
absence of a field at different values of the rotating field. Two such curves 
: are reproduced in Fig.6. Apparently a very weak field is sufficient to produce 
anisotropy; this might be the field produced by the heater coil of the evaporator 


, 


or the Earth's magnetic field. 
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Fig.6. Clockwise and counterclock- 

wise rotation torque curves recorded 

in a 2000 oersted field: 1) for a 

film deposited in zero field (labora- 

tory field), 2) for a film prepared 
in a 90 oe field. 
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USE OF THIN FILMS FOR MEASUREMENT OF MAGNETOSTRICTIVE AND OTHER STRAINS 
- V.A.Yugov & G.P.D'yakov 


In recent years a great deal of attention has been given to preparation, 
investigation and use of thin films. Among other applications, thin films can 
be used for investigating magnetostrictive strains and other deformations. 

Earlier! we proposed a new type of strain gage (a film strain gage) for 
measuring magnetostriction. Wire resistance strain gages2-4, hitherto used for 
measuring magnetostriction, are simple and have a number of advantages over other 
instruments, but they also have a number of shortcomings. As is known, conven- 
tional resistance strain gages consist of a thin wire of high resistivity materi- 
al cemented to a strip of paper with acetone cement or some similar adhesive; for 
magnetostrictive measurements, the paper mounted wire is cemented to the speci- 
men. The elongation of the specimen (magnetostriction) is found from the rela- 
tive change in resistance of the gage. Depending on the shape and size of the 
investigated specimens, the gage is made zigzag or in the form of a single wire. 
A shortcoming of zigzag elements is that at the bend the change in length of the 
gage is of opposite sign to the measured magnetostriction. This introduces a 
substantial error into the results. The use of a paper liner and cement for at- 
taching the strain gage restricts the useful temperature range, i.e., precludes 
measurements at high and low temperatures. Remote gages are not wholly free of 
the above shortcomings and require the use of specimens of special shape and size. 
Such gages cannot be used for measuring the magnetostriction of thin disks, strips, 
wires and the like. 

We developed a new type of strain gage that does not have the shortcomings 
enumerated above. In these gages the strain-sensitive resistance elements are 
thin films of constantan or other material applied by vacuum evaporation. The 
first experiments were carried out on an oxidized nickel disk. The insulating 
oxide layer was formed by heating the disk in an electric furnace to 800-850°, 
holding it at this temperature for 30-40 min, and then rapidly cooling in air. 
The resulting oxide layer has good insulating properties and adheres firmly to 
the nickel. Tests® showed that the presence of such a layer does not impair the 
physical properties of the material. 

Prior to deposition of the film, the oxidized nickel disk is covered with 
a mica or foil mask with an appropriate cut-out. In this manner one can obtain 


a strain gage of any desired shape. 


Providing good contacts for the leads presented some difficulties. We used 
auxiliary silver or gold electrodes applied by vacuum evaporation to the ends of 
the strain-sensitive film. The leads were soldered to the silver spot electrode 
with Wood's alloy, onto the gold electrodes with a gallium alloy. 

A series of test measurements of magnetostriction showed that this new type 


of gage yields satisfactory results. 


For measurement of the magnetostriction the film strain gage deposited on 
the oxidized nickel disk was connected into one of the arms of adc bridge. The 
indicator in the bridge diagonal was a sensitive mirror galvanometer. First, 
the bridge was balanced in the absence of a magnetic field. Then upon applica- 


tion of a magnetic field owing to magnetostriction the dimensions of the speci- 


men changed and with it the resistance of the strain-sensitive element. The mag- 


: netostriction was calculated on the basis of the galvanometer deflection by means 
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of the formula 
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where AR. is the calibrating resistance, 8 is the 
deflection of the galvanometer produced by the 
a 10° calibrating resistance, Ris the resistance of the 
straing gage, o is Poisson's ratio for the strain 
gage material and a is the deflection of the gal- 
vanometer due to magnetostriction. 

The results for one of the disks are shown in 
Fig.1. The magnetostriction was measured in dif- 
ferent directions relative to the applied field.® 
As will be evident from Fig.1, the nickel specimen 
-305 conforms to Akulov's second rule for even effects, 
according to which the longitudinal magnetostric- 
tion should equal twice the negative value of the 
Fig.1. Angular distribution transverse magnetostriction. 
of magnetostriction (nickel The successful tests of film strain_ gages for 
disk specimen). measuring the magnetostriction of nicke1l»® en- 

abled us to develop this method further for work 
with ferrites. In fact, some of the characteristics of ferrites - high heat- 
resistance, high resistivity and appreciable hardness ~ made it possible to im- 
prove and at the same time simplify the strain gage design. In developing the 
strain gages we had to solve the problems of choosing 4 suitable material for 
the strain-sensitive film, providing leads between the film and the measuring 
instrument, and assuring reliable contacts between the leads and the filn. 

By way of materials for the strain-sensitive films we first chose nichrome 
and constantan. Owing to their high resistivity films of nichrome and constan- 
tan with the required resistance must be relatively thick (thickness appreciably 
greater than the critical value). Moreover, the necessary appreciable thickness 
of the films makes it possible to apply essentially continuous coatings despite 
the fact that the surface of ferrites even after careful polishing is relatively 
rough (unevennesses of the order of a micron). Thus in view of the film thick- 
ness it may be assumed that the properties of the strain-sensitive layer are 
identical with the properties of the bulk material. The films were deposited by 
vacuum evaporation by means of a Bochkareva’ linear evaporator. The fine (0.1- 
0.3 mm) nichrome or constantan wire is wound onto a heavy (0.8-1.2 mm) tungsten 
heater wire; uniformity of the deposited film is assured by using fine wire of 
constant diameter. The evaporating temperature must be carefully maintained 
within a certain range to minimize selective evaporation and hence change in the 
proportions of the alloy components. ® 

The leads to the measuring instrument were attached in the following manner. 
First (prior to deposition) , silver spot electrodes were fired onto the surface 
of the ferrite specimen at the locations of the ends of the strain-sensitive 
film. Then wire or ribbon conductors were soldered to these spots. Then, after 
thorough cleaning of the surface, the sensitive film was deposited. The thick- 
ness of the deposited film is monitored by measuring its resistance and the de- 
position process is stopped when the required value of resistance is attained. 

Tests showed that if no further measures are taken the electric contact 
between the fired on silver and the nichrome film is not sufficiently stable and 
that sometimes the contact resistance exceeds the resistance of the film. To 
eliminate this it was necessary to apply additional contact layers. These were 
also applied by vacuum evaporation and were usually several times thicker than 
the strain-sensitive film. To insure good contact between the nichrome or con- 
stantan and the silver spot electrodes we used aluminum and nickel (one can also 
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Fig.2. Film strain gages on ferrite specimens. 


use nichrome or constantan, but in this case if the layer is made fairly thick 

it tends to scale off). Finally, the gage assemblies are artificially aged to 

stabilize their characteristics. This is done by heating the specimens at 200- 
300° for from 8 to 4 hours and then passing a 10-20 ma current through them for 
8 hours. Two ferrite specimens with film strain gages are shown in Fig.2. 

After stabilization, measurements were carried out by the procedure de- 
scribed in Ref.9. To eliminate the possible influence of "flexure" oscillations, 
we applied two strain gages of equal resistance to opposite sides of each speci- 
men. The strain gages were calibrated with reference to standard strain gages 
on nickel rods and disks, and the results were further compared with the results 
obtained by means of wire strain gages. 

The following data were obtained for the ferrite specimens shown in the ac- 
companying photograph: 

Specimen No.7: MgFeo0, ferrite; p> 102 ohm cm; film strain gage of nichrome; 
normal gage resistance 828 ohm; magnetostriction -6.25-1076; Iz = 85 gauss. 

Specimen No.73: NiFeo0,4 ferrite; p> 2-108 ohm cm; film strain gage of ni- 


chrome; normal gage resistance 285 ohm; magnetostriction -11.0-10-§; I, = 240 


gauss. 
It is interesting to note that even in the presence of relatively large tem- 


perature fluctuations the film strain gages operate in a stable manner. In view 


of the fact that the sensitive layer is applied directly to the ferrite surface 


(without cement and liners) the accuracy of measurement is not affected by heat- 


ing as is frequently the case for conventional wire type strain gages. 


Inasmuch as films of nichrome and more recently tested films of platinun- 


| iridium and other alloys showed an exceptionally high temperature stability, it 


has become possible to investigate the magnetostriction of ferrites in a wide 
temperature range (from -190 to 300°) and the striction of piezoelectric speci- 
mens as a function of temperature. The results of these measurements will be 


_ published at a later date. 


E Chair of General Physics, 


Faculty of Physics, 
Moscow State University 
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PREPARATION OF SINGLE CRYSTAL FILMS 
- N.G.Nifontov 


For many applications of thin films it is undoubtedly of advantage to have 


films with single crystal structure. One of the most interesting methods of ob- 


taining such films is thermoevaporation of the desired metal under high vacuum 
onto a single crystal substrate.1:2 The use of this method does not require as 
exacting a choice of substrates with a suitable crystal lattice as does prepara- 
tion of oriented layers from solutions. Thus, for example, we readily succeeded 
in obtaining an oriented layer (and even double layers) of silver or copper on 
the cleavage faces of rock salt. The oriented silver layer on rock salt in turn 


serves as the substrate for a parallel oriented single crystal copper layer 
(values of the lattice constant a: NaCl - 5.64 A, Ag - 4.08 A, and Cu - 3.62 A). 


Seiectron diffraction patterns obtained by reflection from the surface of a (111) 
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face of calcium fluoride (a & b) and from a layer of germanium deposited on this 
face (c & d): a & e - electron beam in the [211] ; 
b & d - beam in the [110] direction. 


ecomes somewhat more difficult, however, when it comes to pre- 
Me cion pc ueeerted films of germanium. Heavens & Collins? described their pre- 
paration of such films on rock salt; however, in order to obtain oriented eth 
tallization of the germanium they found it necessary to heat the substrate during 
deposition to a temperature of 500°, At this temperature rock salt begins to 


a vaporize under vacuum. 
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To eliminate this difficulty we used a substrate of calcium fluoride. CaF 5 
has a crystal structure rather similar to that of germanium, a close value of 
the lattice constant a (Ge - 5.66 A, CaFo - 5.46 A) and withstands higher tempera~— 
tures than rock salt. The experiments* were carried out in a specially designed 
chamber of an electron diffraction instrument equipped for evaporation in the 
body of the instrument and allowing of continuous observation of the specimen 
during deposition. The chamber was equipped with a heated substrate holder and 
a 10 kv ion gun which served both to cleanse the surface of the instrument and 
for gradual removal of the deposited layer to permit investigating its structure 
in thickness. Experimental conditions were recorded by means of a six-channel 
automatic potentiometer. 

With this equipment we were able to obtain on a (111) cleavage face of cal- 
cium fluoride crystal parallel oriented germanium layers up to several microns 
in thickness. These layers yielded very sharp point diffraction patterns (see 
figure). Unfortunately, there also appear additional spots (mainly a distance 
1/3 or 2/3 of that between the normal spots); these indicate the formation of 
twins in the thickness of the film (similar twins were observed by Pashley” in 
silver films on mica). We are carrying out further experiments to determine the 
evaporation conditions that will preclude the formation of twins. 
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SOME ELECTRIC PROPERTIES OF VERY THIN METAL FILMS 
- N.G. Nifontov 


In connection with use and investigation of thin metal films it is of in- 
terest to know their electric properties. 

It is known that on the basis of the behavior of their resistance thin 
metal films prepared by vacuum evaporation onto an amorphous substrate may be 
divided, depending on their thickness, into three types.1 In relatively thick 
films (type I) the resistance immediately after deposition at first decreases 
but soon attains a stable value. Calculations of the effective resistivity of 
such films yield values slightly higher than for the corresponding metal in the 
bulk state. (These films have a more or less pronounced hole structure and their 
thickness is less than the electron free path in the metal, which is the reason 
for enhanced electron scattering.) 

In somewhat thinner films (type II) (thickness of the order of 100 A for 
silver) the resistance immediately after evaporation increases rapidly and then 
Stabilizes to some extent. If a slowly varying voltage is applied to such a 
film it is found that its resistance depends more or less reversibly on the volt- 
age (nonlinear resistance, deviation from Ohm's law). Finally, in very thin 
films (type III) the resistance increases so rapidly after deposition that it 
soon becomes virtually impossible to measure. Electron micrographs show that 
films of the last two types are grainy and consist of crystals located at some 
distance from each other on the surface of the substrate. 

How can one explain the conductivity of such films? Usually it is attribu- 
ted to transition of electrons from one crystal to the next as a result of field 
or thermionic emission (at room temperature) .2:3 But field emission (the tunnel 
effect) cannot explain the temperature dependence of the resistance, while ther- 
mionic emission would yield current values may orders of magnitude lower than 
are actually observed, or would imply work function values smaller than 0.1 ev.3 
Earlier we advanced the hypothesis* that the electrons may migrate from one crys- 
tallite to another not directly but via a conducting layer on the surface of the 


‘substrate, a layer consisting of adsorbed gas and water molecules, local contam- 


inations and the first deposited groups of more or less oxidized atoms of the 
evaporated metal. As for the deviations from Ohm's law, it can readily be shown 
that they are not due simply to heating by the current flowing through the film. 
On the contrary, they can be explained by field or thermionic emission and also 
related with the presence of a surface layer having more or less semiconductor 
properties. 

Our experiments were carried out on thin films of gold, silver, copper and 
germanium. The first three metals belong to the same group (I) of the periodic 
table but have increasing chemical activity; the fourth is a typical semicon- 


ductor. The films were deposited on chemically cleaned amorphous quartz sub- 


strates with optically polished surfaces. The evaporator design provided for 


first depositing a pair of electrodes with a gap of about 0.01 mm between them 


and then depositing the experimental film over this gap and the electrodes with- 


out disturbing the vacuum (~5-10-6 mm Hg). The crucible with the metal charge 
was first heated under a special retractable shutter. The deposition of the film 
was stopped upon attainment of the desired resistance by closing the shutter. The 


resistance of the film was monitored by comparing the current-voltage character- 


istic of the film with the characteristic of an appropriate standard resistance 


on the screen of a two-gun oscilloscope. The films were stored for many days in 
the same rigorously maintained vacuum, while their resistance was measured by 


os ot ie a 


means of a recording ohmmeter. After the resistance had reached a stable value, 
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Fig.1. Variation of the resistance of 


silver films with time: a) film of type QOS0L 05 fF eet - 

III, b) film of type II (deposited over is 

a preliminary light coating of silver), Fig.2. Current-resistance character- 
c) detail of series 2 on curve b. istics for the same series of measure- 


ments as in Fig.l. 


from time to time we measured the deviation from Ohm's law by gradually increas- 
ing and decreasing a de voltage applied to the film (several repeated voltage 
cycles in each series of measurements). The resistance was measured by means 

of a special bridge circuit. At the same time we also measured the low-frequency 
noise level in these films (measurements were carried out in the range from 500 
to 10 000 cps). 

Silver films were studied in greatest detail.° At first the films obtained 
were not always stable and their resistance frequently increased very rapidly 
(type III). Experiments showed, however, that if before the actual deposition 
of the film the substrate is coated by a very thin layer of silver (so thin that 
the resistance across the gap is virtually unaffected) the final film deposited 
in this subcoating is stable (type II). Curve b in Fig.1 shows the aging of such 
a film. The curve also shows the changes obtained during measurements of the de- 
viation from Ohm's law. Curve c in the insert gives the detailed results of one 
such series of measurements. It shows that during the first measurement cycle, 
i.e., the first increase of the voltage on the film, there occurs an irreversible 
change of the resistance; in further cycling of the voltage (within the same ser- 
ies of measurements) the effect is entirely reversible. This is also evident 
from Fig.2 which gives the Rg vs I (Rg is the specific surface resistivity of 
the film and I is the current) curves for the same series of measurements. All 
the reversible characteristics obtained in different series of measurements on 
the same film are of similar shape. 

Gold films deposited directly on the substrate in the normal manner® are 
highly unstable and are characterized by a rapidly increasing resistance (curve 
1 in Fig.3). Films prepared by deposition on a preliminary thin coating of gold 
are more stable (curve 2); gold films deposited over a preliminary silver coat- 
ing are just as stable as the above described silver films (curves 3 & 4). 

Copper films are very stable even without a preliminary thin coating. Their 
resistance increases more slowly than that of silver and gold films; the devia- 
tions from Ohm's law are also smaller at the same voltages. No irreversible pro- 
cesses are observed in copper films. These properties are even more Clearly pro- 
nounced in germanium films’, the resistance of which rises to a virtually con- 
stant value within a few hours (Fig.4). Measurements of the intrinsic low- 
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Fig.3. Variation of the resistance with time of gold films: 1) film deposited 
directly on the substrate (type III), 2) film deposited on a preliminary thin 
gold coating (type III), 3 & 4) gold films deposited over a preliminary thin sil- 
ver coating (type II). 
Fig.4. Variation of the resistance of copper and germanium films (de- 
posited directly on the substrate). 


frequency noise (1/f spectrum) showed that the variation in noise level is corre- 
lated with the variation in resistance; again there were obtained reversible and 
irreversible characteristics. The noise was strongest for gold films, weaker for 
silver and at the threshold of measurement for copper and germaniun. 

Thus, the significant effect of a preliminary atomic layer (the atoms ap- 
parently react with the surface of the substrate and become firmly attached to 
it, forming a conducting layer) and the important role of the chemical activity 
of the investigated metal would seem to substantiate our hypothesis regarding 
the influence of a surface layer on the conductivity of films. We also note 
that the described technique makes it possible to obtain stable nonlinear thin- 
layer resistances. 
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MAGNETIC PROPERTIES OF NICKEL DEPOSITS OBTAINED BY CHEMICAL PLATING 
- N.V.Kotel'nikov & V.I.Gachegov 


At present increasing use is being made of the method of chemical nickel 
plating (deposition of nickel without an electric current). However, the mag- 
netic properties of coatings prepared in this manner have scarcely been investi- 
gated. 

It is known that such nickel deposits contain from 3 to 15% phosphorus, de- 
pending on the composition and state of the bath. Hence it is natural to assume 
that the magnetic properties of nickel deposits prepared by the chemical proce- 
dure must differ from the properties of nickel coatings obtained electrolytical- 
ly. Assuming that the variation in the magnetic properties of nickel as a func- 
tion of the phosphorus content is similar to the variation obtaining for alloys 
of nickel with antimony, we come to the conclusion that at 12 atomic percent P 
the saturation magnetization should drop to zero. Dependence of the saturation 
magnetization on the phosphorus content could, for example, be utilized for de- 
termining the phosphorus in such deposits. Such a magnetic procedure would be 
simpler and hence more economical than chemical methods of analysis. 

Investigation of the magnetic properties of nickel deposits obtained by the 
chemical method is also of interest from other standpoints: for example, it may 
be possible to develop magnetic techniques for determining the thickness of such 
coatings, it may be feasible to prepared nickel deposits free of ferromagnetism 
that can be used as protective and decorative coatings on equipment where ferro- 
magnetic properties are undesirable, etc. 

Moreover, investigation of the magnetic properties of the Ni-P system is of 
undoubted interest where the theory of ferromagnetism is concerned. 


Specimen preparation and experimental procedure 


The nickel coatings were deposited chemically on the outside wails of seal- 
ed copper tubes 4 mm in diameter, mounted vertically in the chemical bath. The 
nickel was deposited on a 100 mm length of the copper tube, the area of deposi- 
tion being limited by the end of the vinyl tube into which the upper end of the 
copper was inserted. 

The chemical bath was in the form of a cylinder with an inside diameter of 
25 mm. To prevent evaporation of the solution the bath was closed with a stopper 
with a small hole to allow escape of the gases evolving during the plating pro- 
cess. 

Prior to deposition the copper tubes were cleansed in the same manner as in 
preparation for electrolytic plating. In order to initiate the plating process 
on copperl a small strip (1 x 3 mm) of aluminum foil was inserted into the vinyl 
holder alongside the copper tube. For all specimens the deposition was carried 
out for a period of 10 hours with the solution being replaced by a fresh one 
every hour in order to assure a more uniform structure of the deposit in thick- 
ness. A fresh solution (100 g) was poured into a bath which was then heated to 
87° by immersion into thermostated water, then the stopper together with the 
vinyl holder and specimen was transferred from the old bath to the new one. Two 
solutions of different composition (see table) were used. In all we prepared 
and investigated six specimens (three in each series). 

The ferromagnetic properties of the specimens were investigated by recording 
the magnetization curves and hysteresis loops by the ballistic method. The 
measuring coil had a length of 50 mm, an inside diameter of 4.5 mm and an outside 
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diameter of 16 mm. The difference between the numbers of opposed turns was 2035. 
The appreciable thickness of the deposits (over 100 microns) and the large dif- 

ference between the number of opposed turns, made it possible to investigated the 
weak (compared with pure nickel) ferromagnetic properties of the nickel deposits. 


Results 


The compositions of the bath solutions and the parameters of the specimens 
are listed in Table 1. The amount of deposit was determined by weighing the 
copper tubes before and after plating. The thickness and cross section area of 
the specimens were calculated from the weight of the deposits and the density, 
which was assumed to be equal to that of pure nickel (8.9 g/cm). 

It must be noted that the density of the chemically deposited nickel de- 
pends on the composition of the plating bath and its operating conditions and 
may differ appreciably from the density of pure nickel.l Hence the values of 
saturation magnetization I, and remanence Iy calculated on this basis are pre- 
sumably too high. Correct values are obtained in calculating the magnetization 
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Series No. Bath composition, Speci- Weight, Cross section | Thickness, 
g/liter men No. g area, cm microns 
I Nickel sulfate - 
30 1 1.3 0.0146 116 
Sodium hypophos- 
phite - 10 2 1.302 0.0146 116 
Sodium acetate - 
10 3 1.310 0.0147 Li? 
II Nickel sulfate - 
30 4 1.470 0.0165 131 


Sodium hypophos- 
phite - 15 5 1.466 0.165 LSE 


Sodium acetate - 
10 6 1.458 0.0164 130 


per gram of deposit. 

Fig.1 shows the magnetization curves recorded at 10° in fields up to 195 
oersted. The top three curves pertain to specimens of Series I; the lower curves 
to specimens of Series II. 

Both the magnetization curves and the hysteresis loops for all specimens 
are similar in shape. The magnetization curve and part of the hysteresis loop 
recorded at 10° in fields to 11.7 oersted for specimen No.1 of Series I are shown 
in Fig.2. The temperature dependences of I,, I, and H, for the same specimen 
are shown in Fig.3. Fig.4 gives the temperature dependences of the saturation 
magnetization for all six specimens plotted to the same scale. The temperature 
dependences of the remanence and coercive force are shown in Figs.5 & 6. In 
these figures the numeration of the curves corresponds to the specimen designa- 
tion in Table 1 (the curve for specimen No.6 is not shown in Fig.6; it lies 
close to the curve for specimen No.4). 


Discussion and results 


As noted in the introduction, the ferromagnetic properties of the Ni-P sys- 
tem have scarcely been studied. There are no experimental data on the solubili- 
ty of phosphorus in nickel and on the Curie point.2 It follows from theory that 
the maximum solubility of phosphorus in nickel should be about 5%. According to 
Gorbunova & Nikiforoval, the phosphorus content in specimens of Series I should 
be 6.87%. Hence, part of the phosphorus in the chemically reduced nickel should 
be present in the form of intermetallic compounds such as Ni,P, NioPs and NigP 
(it is not known whether these compounds are or are not ferromagnetic). Gor- 
bunova & Nikiforova note that chemically reduced nickel is an amorphous substance 
and that in addition to the solid solution of phosphorus in nickel, it may con- 
tain inclusions of the above mentioned intermetallic compounds. 
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Table 2 
jo i ll 
Magnetization( gauss) | ; 
Se ee neISs ce ee | Remanence, gauss | Coercive force, oe 
No. oc [f= 80° | T=0°K |t = 10° T=0°K |t=10°|t=60°| T=0°K 
b= 10C) c lextrap)| c- |#=680°C lextrap) | c © |fextrap) 
1 47 24 196 av 15 162 1,2 0,7 3,98 
2 43 18 188 32 44 154 {oa |) 1,07 4,23 
3 44 19 190 32 44 154 1,14 | 0,74 3,33 
4 14 sy) 69 9 2 D4 0,56 ; 0,36 1,73 
5 Ae, 4 62 7 0 47 0,64 — 3 
6 11 3 09 7 0 47 0,64 mo 3 


The presence of phosphorus in nickel leads to alteration of its magnetic 
properties, which have partially been investigated by Polukarov (see Ref.1). 

As out measurements showed, deposits of chemically reduced nickel at room 
temperature are weakly ferromagnetic compared to pure nickel (Figs.1 & 2). Mag- 
netic properties of the deposit exhibit a strong temperature dependence; at tem- 
peratures above 100° the ferromagnetism vanishes (Figs.3-5). The temperature 

dependences of I,, I, and H, are linear (Figs.4-6). It is evident from the ex- 
perimental curves that the coercive force falls off with temperature more slowly 
than the remanence. As is evident from Figs.4-6 and Table 2, the values of the 
coercive force are not proportional to the magnetization: thus, whereas the mag- 
netization curve for specimen No.2 (Fig.4) lies below the curves for specimens 
Nos.1 & 3, the coercive force curve for this specimen (curve 2 in Fig.6) lies 
above the He curves for the other specimens. 

If for pure nickel we take 0, = 57.5 and n, = 0.604, by linear extrapola- 
tion to 0°K we obtain for our specimens (Series I) o, = 24.2 and n, = 0.254 mag- 
netons per atom. 

Assuming provisionally that the chemical deposit is a uniform solution of 
phosphorus in nickel and that the concentration dependence of the magnetic pro- 
‘perties of the Ni-P system is similar to the dependence obtaining for the Ni-Sb 
system, on the basis of the above value for m we find that the phosphorus con- 
tent in the deposit is equal to ~4%. This lower value compared with that given 
in the literature (6.97%) may be due either to errors in extrapolating to abso- 
lute zero or to the fact that the behavior of the Ni-P system is different from 
that of the Ni-Sb system. Possibly the divergence should be attributed to the 
complex structure of the deposit, in particular to the presence in it of inter- 
metallic compounds. 

The weaker ferromagnetism of specimens of Series II is probably due to a 
higher phosphorus content, inasmuch as the sodium hypophosphite content in the 
second bath was 50% higher than in the first (Table 1). 

Our experimental results may be summarized as follows. 

1. The ferromagnetic properties of chemically deposited nickel differ 
radically from the properties of the pure nickel, which is in agreement with 
the data of other authors!. 

2. Increase of the hypophosphite concentration in the plating bath leads 
to weakening of the ferromagnetic properties of the deposits. 

3. The saturation magnetization I,, remanence I), and coercive force H, 
of all the specimens decreases linearly with increasing temperature. 

4. The Curie point of the nickel deposits lies appreciably below the Curie 
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point of pure nickel; this is probably due to the presence of phosphorus in the 
deposits. 
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CALCULATION OF ELECTRON LENS FIELDS 
- A.G.Vlasov and D.M.Krupp 


The calculation of electrostatic fields, as well as of magnetostatic fields 


Of iron-clad coils and permanent magnets reduces to solution of the Dirichlet 


problem. This problem may be formulated as follows: find a function satisfying 
Laplace's equation 


Oise (1) 


inside a given region and taking on given values at the boundary of the region. 

It may happen that the region one is dealing with can be broken up into sub- 
regions or cells whose boundary surfaces are the coordinate surfaces of some curvi- 
linear orthogonal coordinate system in which Laplace's equation can be integrated 
by separation of variables. In this case the Dirichlet problem may be solved ana- 
lytically in the following way. 

By separating the variables one obtains a particular integral of Laplace's 
equation. Using this integral, one constructs a solution of Laplace's equation 
for each cell as a sum of several series with arbitrary coefficients. The bound- 
ary conditions are applied to the solution thus constructed on those faces of the 
cells which are sections of the original boundary. The conditions that must be 
satisfied at the other, intercell boundaries are continuity of the potential and 
of its normal derivative. This latter condition implies the requirement of term- 
by-term differentiability of the series forming the solutions in the separate 
cells, right through to the boundary. 

We have shown earlier! that in the general case of a cell with six faces, 
twelve edges and eight vertices, a solution with enough undetermined elements to 
satisfy all the necessary conditions on the faces, edges and vertices will consist 
of six double and twelve simple series with arbitrary coefficients in addition to 
a solution in closed form containing eight arbitrary constants. 

The boundary and continuity conditions then lead to an infinite set of linear 
algebraic equations for the coefficients of the series. 

In the case of electron lenses, the Dirichlet problem is axially symmetric, 
and it is natural and convenient to use cylindrical coordinates. The cells are 
then solid or hollow cylinders with three or four faces, two or four edges, and 
no vertices. Then the solution for each separate cell becomes much simpler: the 
double series corresponding to the cell faces degenerate into simple series, the 
simple series corresponding to the edges become solutions in finite closed forn, 
and the solution corresponding to the vertices vanishes. 

The infinite set of linear algebraic equations for the coefficients of the 
series then becomes entirely regular, and it can be solved by a reduction method. 

The figure shows a cross section through the meridian plane of a two-electrode 


cathode lens. The electrodes are ideally conducting hollow cylinders with infi- 


nitely thin walls. The cylinder on the left, closed at its left end by a plane 
base, is the cathode. The anode is the cylinder on the right, closed at its right 
end by a plane base. 

We wish to obtain the potential distribution, assuming the cathode to be at 
zero potential and the anode at unit potential. We shall use a cylindrical co- 
ordinate system whose axis coincides with the symmetry axis of the lens and whose 
origin lies at the center of the base of the cathode. All the dimensions of the 
electrodes are indicated in the figure. 

While it would be feasible to find the potential through all space, we shall 


restrict our problem to finding the exact potential only in the neighborhood of 


a: guile bo eae 
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the axis inside the lens. In this case the calculation 
reduces to solving the internal Dirichlet problem, as- 
suming that the potential varies logarithmically in the 


» plane between the cylinders: 


Ty 


ye) 


ines 
Bh for PEO (2) 


7 


Cross section through 

the meridian plane of We then use the z = 2 plane and the cylindrical 

a two-electrode lens. surface r= rito divide the region into the cylindrical 
cells I, II, III and IV, as shown in the figure. 


We write the solutions of the Udpiaee equation for the different cells in 


the forms (ne 
B= _ 


= > a, Io (Amr) + 2 


m=1 
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where /, and A, are Bessel functions of an imaginary argument, 
W (er) => K (Em7i) Jo (Sin?) ae My (Em71) x Saks ey (4) 
and the «,, and £,, are the positive roots of the equations 
Jo (rit) =0, Yo (rit) Jo (728) — Jo (718) Yo (726) = 0. (5) 


Equations (3) already satisfy the boundary conditions and the continuity con 


ditions on the intercell faces. 
Now using continuity of the normal derivatives, we arrive at the equations 
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The coefficients Gn and gut can be expressed in terms of the he Eliminating 


Cl and Ch from Eq. (6), we papi the infinite set of equations 


= Sorry (EDD 5700); (7) 


k=1 


where the r,, and b, are known quantities. 


Analysis shows that Eqs.(7) form a completely regular set. The equations 


, have been solved by means of a reduction method. 


od 


fe 


We have used this method to perform several electron-lens calculations for 
more complicated configurations; in all cases the infinite set of equations to 
which the solution reduces proved to be completely regular. 
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CONCERNING ABERRATION OF ELECTRON-OPTICAL SYSTEMS 
- P.P.Kastyankov & K.P.Dutova 


The formulas of Glaser or Scherzer, often given in textbooks (see, for in- 
stance, Glaser!) for calculating the aberration of a homogeneous magnetic field 
may lead to misapprehensions. In particular, it is found that ina homogeneous 
field coma, curvature, astigmatism and distortion aberrations fail to vanish, 
while from a direct investigation of electron trajectories it is evident that all 
third-order aberrations, other than spherical aberration, go to zero in a homo- 
geneous magnetic field. Since there is no reason to doubt the validity of the 
formulas for the constants of third-order aberration as derived by different au- 
thors, the resulting situation can be explained only by the inference that one of 
the assumptions used in the derivation is not valid. Seman2, who first pointed 
out this fact, offers as explanation the fact that in the present case the object 
itself is in a magnetic field, i.e., that the entire system is a magnetic-immer- 
sion one. 

A careful study of the derivation of the formulas for the aberration coeffi- 
cients by either the eikonal method or by following the trajectories shows that 
the conclusions remain valid whether or not the object is in a magnetic field. 

Further, it is known that in an electron microscope the object is usually in 
a magnetic field, nevertheless no errors have been discovered in the calculations 
based on the usual aberration formulas. 

An electron lens whose focusing field is a homogeneous magnetic field differs 
from the objective lens of a microscope in that in a microscope the beams are de- 
fined by special apertures, whereas trajectory calculations of the aberration due 
to a homogeneous magnetic field assume the absence of any limiting apertures. Thes 
considerations have impelled us to seek a different explanation of the error ob- 
tained in using the usual formulas to calculate aberration in the case of a homo- 
geneous magnetic field. 


Beam definition in electron optical systems 


The basic conditions for the applicability of the third-order aberration 
formulas are the requirements that the distance of the electrons from the symmetr: 
axis and the angles between the tangents to the electron trajectories and the axi: 
be sufficiently small. This means that the beams of electrons participating in 
the formation of each point of the image must be limited. In some electron optic: 
systems, such as the electron microscope, this limiting is realized by special di: 
phragms, called apertures. In cathode lenses, however, beams with apertures as 
large as 28 = 180° may participate in forming the image of a point of the cathode 
But only some of the electrons in this beam, namely, those whose angle of emissio. 
Q@ with respect to the normal of the cathode surface is less than 90°, produce a 
detectable image. Unfortunately, we know of no accurate data on the aperture de- 
pendence of the intensity of a beam from which one could estimate the aperture 
angle @. Cathode lenses usually have no special limiting aperture. A cathode le 
in which the focusing field is a homogeneous magnetic field is an example of a 
system without an aperture. 

In order to calculate the aberration of a beam of electrons one need not kno 
the mechanism by which this beam is limited. One requires only that the beams 
originating at different points of the object be characterized by the same para- 
meters. Therefore any system containing apertures can be treated, for the purpos 
of aberration calculations, as a special case of a system without apertures. For 
this it is sufficient to allow that the principal rays of the beams may not be 
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normal to the object plane, and to assume that they can be chosen so as to inter- 


‘sect the symmetry axis at the same point. 


In a homogeneous magnetic field the principal rays are parallel to the opti- 
cal axis. Therefore a homogeneous magnetic field cannot be treated as a special 
case of a system with limiting apertures, since in the latter the principal rays 
intersect the axis. From the fact that a homogeneous magnetic field is a unique 
kind of system without apertures, we arrive at the following conclusion: from the 
point of view of aberration calculations, systems without apertures are a general 
class of electron-optical systems which include, as a special case, systems with 
apertures, but not vice versa. 

In deriving the formulas for the aberration constants, given in the textbooks, 
one assumes that the beams are defined by special apertures. It will be evident 
from the above-said that such formulas cannot be used to calculate aberration in 


systems without limiting apertures, and, in particular, in the case of a homogene- 
ous field. 


Derivation of the third-order aberration constants 
for a system without limiting apertures 


We start with the known equations for the electron trajectories in a station- 
ary Cartesian coordinate system wz, y, z, in which the z axis is the symmetry axis of 
the system. Expanding the field potentials as series in « and y, we obtain the 
trajectory equations up to terms of third order, namely, 


Wo 1 QO’ , ie (3 , 1 e€ 5 

Zi 2@0 hoe aD © | V soy | D) V sty =fi, 

Z 1 O’ , 1 ’” (A v 4 ie (a i 

y 204 r Z 404 V sgt 2 V Imp Ht # b Ia, 
where © = @(z) and H = H(z) are the electric potential and magnetic field strength 
on the symmetry axis, /, and f/f, are the third order terms in x and y, and x and y’ 
can be expressed in terms of @, H,z,y and their derivatives with respect to z. 
If we set fi: = f2=0 in Eq.(1), we obtain the paraxial equations. The solutions 


a, y, Of the paraxial equations with given initial conditions %, yo, 7, ¥, can be 
expressed in terms of the two linearly independent solutions 7,, 7, of the equation 


(1) 


Sa nn RG ¢ a 
Teo S GN Ses e D * Bmo H*)r =0 (2) 
and the function X defined by 
Zz 
4 ee 
r=5\) sap he (3) 


Zo 


A solution 73,y, of Eqs.(1) satisfying the same initial conditions as the solu- 


piel Ph 


tions 2z,, y, of the corresponding paraxial system can be expressed in terms of these 
latter solutions. 


The differences Nee mere 


Ay = ¥3— 1, 


calculated in the Gaussian plane, are expressed in terms of third order with re- 
spect to the initial conditions 1%, Lr Y, Yo is assumed to be zero): 
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The coefficients of these forms are the third-order aberration constants and 
can be written as integrals of functions whose arguments are 0, 0’, ®, @”, O!VY, HE 
Ho ET CeTIRE LAS 

When Eqs. (4) are used to calculate aberrations in a homogeneous magnetic 
field, the result obtained is correct. 

Equations (4) are of the same form as formulas (120.5) in Chapter 18 of 
Glaser's book! , except that we express the aberration in terms of the initial con- 
ditions %, «,, y, of the principal ray taken in the stationary Cartesian coordin- 
ate system, while Glaser gives the initial conditions in the rotating coordinate 
system. The relation between these different initial conditions is given by 
Glaser's equations (118.5). Using these to transform Glaser's initial conditions tc 
the stationary coordinate system, we obtain the relation between our coefficients 
B,, C, and D, and Glaser's B,, C, and Dx. 

We express our gratitude to A.G,.Vlasov, Yu.V.Vorob'ev and O.I. Seman for help- 
ful discussions. 
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ELECTRON OPTICS OF PROBE SYSTEMS 
- G.G.Dutov 


At present probe Systems are used in a number of different electron-optical 
instruments: in an x-ray microanalyzer, in a double condenser electron microscope 
and in an x-ray microscope. The purpose of these systems is to produce a small 

spot (the probe), which is a demagnified image 
of the electron source. Generally, the para- 


Gin Lens i De fa NEE meters of the system are chosen so that at a 
1 yas y given accelerating potential and probe radius 
et the current in it will be maximum. A number of 
(| y Z authors have investigated and analyzed probe 
os ‘ systems.1-3 
The usual probe system (Fig.1) consists of 
e an electron source (gun) and two electron lenses 
— designed to yield demagnification. As has been 
<= —_ +> <> shown by Castaing! and Solov'ev & Vertsner?, 
| - for a given size of the probe the maximum probe 
current is determined by the brightness of the 
Figs electron source and the spherical aberration 
constant of the system: 


. ~ ee: d'/s 
max 64 (26, )% 


_wWhere dis the probe diameter, (; is the spherical aberration constant of the sys- 
tem and B is the brightness of the electron source. 

3 It is assumed that both the electron source and the image are located on the 
optical axis of the system and that astigmatism and chromatic aberration are ab- 

_ sent. The spot is considered in the plane of best adjustment, where the radius 
of the circle of confusion due to spherical aberration is given by the expression 


B, (1) 


Ars =z Cs? (2) 
where ais the aperture of the beam in the plane of the image. 

Equation (1) shows that in order to enhance the current in the probe one must 
try to reduce the spherical aberration constant of the system. If the final image 
is located close to the last lens, this can be achieved by increasing the optical 
strength of the lenses. However, in certain types of probe systems (for example, 

in the above mentioned x-ray microanalyzer and double condenser electron micro- 
scope) the final image cannot be located arbitrarily close to the last lens, but 
must be situated at a finite, specified distance from it. Following Mulvey?, we 
shall call this distance ( in Fig.1), measured from the inner surface of the last 
pole piece, the working distance. Accordingly, the second lens must either have 
a focal length of the order of the working distance of the system or must be oper- 
ated with a magnification close to unity. In both cases, for precise calculation 
of the system with a view to obtaining the maximum probe current, one must know 

_ the variation of the spherical aberration constant in the image plane as a func- 
tion of the focal length and the magnification. 

Detailed analyses of the properties of the magnetic lenses as a function of 
the excitation parameter and the geometry of the pole pieces will be found in Refs. 
 4—7, But the dependence of the spherical aberration constant on the magnification 
has been investigated only by Archard® and Mulvey” solely for unit magnification 
7 and by Durandeau et al2 for arbitrary magnification but only for the case of weak 


lenses. 
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Fig.2 Fig.3 


We carried out numerical calculation of the spherical aberration constant as 
a function of the excitation parameter and the magnification for two lenses with 
symmetrical and asymmetrical pole pieces. The geometric parameters of the lenses 
and the excitation parameter were taken close to those commonly encountered in 
practice. The results are shown in Figs.2 through 7, and can be used to judge of 
the magnification dependence of the spherical aberration constant and to select 
appropriate parameters for probe systems. 

Figs.2 and 3 give the variation of the spherical aberration constant and 
working distance for a symmetrical magnetic lens as a function of the magnifica- 
tion mand the excitation parameter for which we took the quantity 


K? = 8,676.10-3 ND? (3) 
Celis V 
max 
where N/ is the number of ampere-turns 
and V is the accelerating potential in 
volts. 


Fig.4 Fig.5 
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Fig.6 


The geometry of the pole pieces is 
characterized by the ratio S/D = 0.857, Fig.7 
where S is the width of the gap and D = 
= 2R is the diameter of the bore. For m= 0 (image in the focal point) our values 
of the spherical aberration constant agree with the data of Liebmann & Grad* and 
Durandeau & Fert, 

Fig.4 shows the variation of the spherical aberration constant as a function 
of the magnification at a given excitation (i.e., given focal length). These 
curves enable one to judge of the dependence of the spherical aberration constant 
in the image plane on the value of the spherical aberration constant in the focal 


point with m= 0. The latter constant can readily be calculated from the data of 


Liebmann*4,® and Durandeau®;’, 

Fig.5 shows how the spherical aberration constant varies with the magnifica- 
tion at a constant value of the working distance (in Fig.5 5 = 3R). It will be 
evident from this figure that, whereas in the range of magnifications close to 
unity the spherical aberration constant varies appreciably, in the range of de- 


magnifications greater than 2.5-3 the constant differs little from its minimum 


value in the focal point. This means that as far as increasing the probe current 
is concerned it is not expedient to increase the dimensions of the system with a 
view to obtaining a stronger demagnification by means of the last lens. 

To obtain similar evaluations for an asymmetrical lens we carried out numeri- 
cal calculations of the spherical aberration constant and working distance for a 
lens in which the bore ratio is given by Dj/Do = 3/8 with a gap to bore ratio 


S/Do = 1. The demagnified image is assumed to be on the side of the small bore 
Dy. The results of these calculations are shown in Figs.6 & 7. They indicate 


that with the same magnification and working distance and equal diameters of the 


pore on the image side, the asymmetrical lens has a smaller spherical aberration 


hail 


constant than the symmetrical lens. This is in agreement with the results of 
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Refs.6 & 7, obtained for the image in the focal point. We note that knowing the 
spherical aberration constant for m<1, one can readily determine its value for 
m>1 by means of the formula®; 


Ge oeeesstas (4) 


m , m4 


\ 


Substantial decrease of the spherical aberration constant and, consequently, 
increase of the probe current is theoretically possible if instead of the second 
lens one makes use of a nonaxially symmetric system composed of quadrupole lenses 
and Scherzer! type correctors., As an analysis made by Grivet & Septier!l and ou: 
calculations show, correction of the spherical aberration in a magnetic lens sys- 
tem of this type is feasible. In this case solution of the correction problem is 
facilitated by the fact that the last lens operates with a magnification close to 
unity, which makes it possible to use relatively weak excitation. We also note 
that in the case of probe systems correction of spherical aberration is an easier 
matter than in the case of a conventional electron microscope, inasmuch as the 


4 ‘ : 
maximum probe current Inax ~ 65% whereas the resolution of an electron microscop 
d~ yo, i.e., a decrease in spherical aberration that is insignificant as re- 

Ss 


gards the resolution of an electron microscope results in nearly an order of mag- 
nitude increase of the probe current. Preliminary calculations show that using 
quadrupole lenses and correctors one can assemble a number of different systems 
corrected for spherical aberration. Which of these possible designs is the best 
can only be determined by experiment. 


References 


1. R.Castaing, Ph.D.Thesis, Univ.of Paris, 1951. Publication O.N.E.R.A.No. 
55. 

2. T.Mulvey, J.Scient.Instrum., 36, 8 (1959). 

3. A.M.Solov'ev & V.N.Vertsner, Present issue of the Bulletin, p.706. 
4. G.Liebmann & E,M.Grad, Proc.Phys.Soc., B, 64, 956 (1951). 

5. P.Durandeay & C.Fert, Rev.optique, 36, 5 (1957). 

6. G.Liebmann, Proc.Phys.Soc., B, 68, 737 (1955). 

7. J.Barthere, J.Dugas & P.Durandeau, Compt.rend., 250, 21 (1960). 

8. G.Archard, Rev.Scient.Instrum., 29, 11 (1958). 

9. P.Durandeau, B.Fagot & C.Fert, Compt.rend., 248, 7 (1959). 
10. A.Scherzer, Optik, 2, 2 (1947); Ibid., 5, 8/9 (1949). 


ae tame & A.Septier, Nuclear Instr. & Methods, 6, 2 (1960); Ibid., 6, 
3 (1960). 


or 


- 687 - 


ACHROMATIZATION OF LENSES IN MULTIPLE-LENS MAGNETIC ELECTRON MICROSCOPES 
- P.A.Stoyanov 


The intermediate lens in multiple-lens microscopes serves for variation of 
the magnification. Hence this lens generally has a large radial chromatic aber- 
ration (magnification aberration). The coefficient of this aberration varies 
and over an appreciable section of the working range exceeds the coefficients of 
the field aberrations of the objective and projector lenses. The rotational field 


aberration of the intermediate lens in the range Fi 
of small and ‘ ee 
tions is minor. & medium magnifica 


bat, di 


Fig.1. Trajectory of the principal ray abcde of the electron beam in a 
microscope system with two intermediate lenses Lo and La; 7 is the co- 
ordinate of the point of departure of the beam in the object plane; R 
t is the coordinate of the image of the same point in the object plane of 
A the projector lens. 


It will be evident from the above that among the different field aberrations 
of the microscope lenses, radial aberration of the intermediate lens is the most 
serious and should be the first to be compensated in achromatizing an electron 
microscope. 

The problem of achromatization of an electron microscope consisting of two 
lenses has been thoroughly studied.1,2 The designers of the Hitachi HU-5 elec- 
tron microscope succeeded in eliminating almost completely the influence of field 
chromatic aberrations on the resolution.» True, this has been realized for only 
a particular operating condition of the lenses, so that good achromatization is 
obtained only for a constant magnification. 

Achromatization of a microscope which employs an intermediate lens is really 
worthwhile only when in accomplishing it one still retains the possibility of 
using different magnifications. This last condition greatly complicates the prob- 
len. 

Below we give the results of achromatization of a multiple-lens magnetic 
microscope, which we succeeded in realizing by means of two intermediate lenses 
in a way that allows of operating the microscope at different magnifications. * 
The optical system of the microscope is shown in Fig.1; here Lj, Ly and Lg are 
the principal planes of the objective lens and the two intermediate lenses, re- 
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spectively, (the projector lens is not shown); 0, and Op are the object planes 
of the objective and projector lenses. For calculating the achromatization con- 
ditions for the double intermediate lens we considered the principal ray of an 
arbitrary beam abcde. The magnitude of the segment R in the object plane of the 


projector lens (Fig.1) is given by 


raalil raf eet) ay. o 


The meaning of the symbols in (1) is made clear in Fig.l. 
The net chromatic aberration of the two intermediate lenses will be zero if 


with minor variations in the electron velocity the length of the segment FR re- 
mains constant. Consequently, there must be fulfilled the condition 


diz 0; (2) 


Inserting (1) into (2) and solving for the focal length of the second inter- 
mediate lens yields 


2dsl decree 
Came & 
" Thus the condition of achromatization of the 
M double intermediate lens reduces to linear depend- 
ence of the focal length of the two-component inter 
1000 mediate lenses. Condition (3) is presented by the 
straight line in Fig.2. The intercept on the hori- 
Jgstit Qdal 
100 74. zontal axis (fs = 0) gives the segment 7773 the 
d,+l 
aE intercept on the vertical axis (f2—0) gives por 
50} 500 ) 
In varying the magnification of the microscope one 
should simultaneously change the focal length of 
2 50 100 24, 1 both lenses so that Eq.(3) will hold. 
Lent a+ The effect of operation of the intermediate 
lenses can be followed in Fig.3. Here F,F, is the 
Fig.2. Variation of the back focal plane of the objective lens, F,F, is the 
focal length f/f, of the sec- front focal plane of the first intermediate lens, 
ond intermediate lens as a and F,F, is the back focal plane of the second inte 


function of the focal length mediate lens. The trajectory of the principal ray 
fe of the first intermediate of the electron beam leaving the point A in the ob- 
lens with compensation of ject is given by ABCDE. If as a result of instabil 
the chromatic magnification ty (fluctuation) of the high voltage there occurs & 
aberration of the intermedi- change in the electron velocity, the focal lengths 
ate lenses. M is the corre- of the intermediate lenses will change (for exampl« 


sponding magnification in decrease) by A/f, and A/,; and the principal ray wil! 
the object plane of the pro- follow the trajectory indicated by the dashed line. 
jector lens. As will be evident from the figure, as a result of 


decrease of the focal length of the first intermed: 
ate lens Lg the principal ray will be deflected further from the axis and, conse- 
quently, will intersect the plane of the second intermediate lens L3 at the poin 
D,. Inasmuch as point Dj is located closer to the lens axis, the ray will be re 
fracted in the lens Lg through a smaller angle than the preceding case, despite 
the fact that the refracting power of this lens has increased (Af, <0). Hence th 
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Fig.3. Trajectory of the principal ray: 1 - with operation of the two intermedi- 
ate lenses (ABCDE); fluctuation of the accelerating potential alters the trajec- 
tory so that the principal ray ABCD1E still intersects the plane OP at the point 
E; 2 - with operation of only one (the second) intermediate lens the ray trajec- 
tory is ABCD9E9; now fluctuation of the accelerating potential alters the ray 
trajectory so that the principal ray intersects the plane OP at the point Ep. 


Fig.4. Micrographs of MGO crystals obtained under the following conditions: a ~- 

alternating component superimposed on the high voltage; only one intermediate 

lens operating; b - alternating component superimposed on the high voltage but 

both lenses operating in the achromatization regime; c - no ac component super- 
imposed on the high voltage. 


ray will still intersect the object plane of the projector lens at the same point 
E (no aberration). 

For comparison, in Fig.3 we also show the path ABCD9E9 of the principal ray 

when only one (the second) intermediate lens is operating. In this case the ray 

intersects the object plane of the projector lens at the point Eg. Now in case 
of fluctuation and change in the focal length of this lens the principal ray will 
intersect the object plane of the projector lens at the point Eo, i.e., there will 
appear chromatic aberration of the magnification, represented by the segment EoEo. 

Let us see within what range one can vary the magnification without loss of 
_achromatization. The magnification of the object 7 by the three lenses Lj, Lo 
and Lg in the object plane Op (Fig.1) of the projector lens is given by 


— A fdi(ds +l) , ds(di+2) ED 4) 
ee =| he a hs Aare 28) hofs ; ‘ 
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The following approximate equalities obtain for the electron microscope; 

xd, and f:xd, (f, is the focal length of the objective lens). These quasi- 

equalities make it possible to simplify (4) by means of Eq.(3) and yield the 
following final formula for the magnification 


_ ald Ie, (5) 


= filals*- fa" 


here L = d, +/+ ds. 

The curve in Fig.2 shows the variation of the magnification as a function 
of the focal length of the intermediate lens for the microscope used in the achre 
matization experiments. This microscope comprised an objective lens, two inter- 
mediate lenses and one projector lens. The field aberrations of the objective 
and projector lenses were mutually compensated. The excitation currents in the 
intermediate lens coils were varied simultaneously; their value was chosen so 
that the radial chromatic aberration of both lenses would be nil. The absence 
of radial chromatic aberration was checked by superimposing on the regulated higt 
voltage an alternating component with a frequency of 50 cps and an amplitude 
equal to about 1.5% the value of the de voltage. The effect of radial chromatic 
aberration in the absence and in the presence of achromatization is illustrated 
by the micrographs of Figs.4,a and b, respectively. Fig.4,c is a micrograph ob- 
tained in the absence of an alternating component in the high voltage circuit. 
Satisfactory achromatization was realized with different magnifications. 
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DESIGN OF MAGNETS FOR THE LENSES OF MAGNETOSTATIC ELECTRON MICROSCOPES 
- G.V.Der-Shvarts & V.P.Rachkov 


Design of magnets for the lenses of magnetostatic electron microscopes is 
predicated on completion of the preliminary purely optical calculation. To this 
end one can use the work of Durandeau!l, Knowing the accelerating potential and 
the magnification of the lens, one can relate the design parameters of the pole 
p2ece with the magnetomotive force. Thus the magnetomotive force can be deter- 
mined from the strength of the magnetic field in the gap. The magnetomotive 
force is one of the basic parameters of the magnet. The magnet should be made 

of a material such that it will operate under conditions of maximum specific in- 


ternal energy of the material. Otherwise the magnet becomes unnecessarily bulky 
and heavy. 


\\) 
777 Ne? 
Fig.1. Calculation of magnetic flux penetrating the neutral cross sec- 
tion of an axial magnet. 


ze Another basic parameter is the magnetic flux penetrating the central cross 
section of the magnet. This flux cannot be calculated analytically, inasmuch as 
the flux through the magnetic circuit, which is readily calculated, comprises only 
fa small fraction of the total flux. Thus closure of the main part of the flux oc- 
curs not in the ferromagnetic part of the magnetic circuit but in the air. This 
stray flux can rapidly be determined by means of an electrointegrator. 

We used an electrointegrator, developed by us2;3, for calculating focusing 
systems with permanent magnets in which the magnet simultaneously supplies two 
lenses (in parallel) and determined the most expedient manner of arranging the 
magnets in the lens housing and the best shape of the magnet. Design calculations 
_of the magnet dimensions was based on the assumption that the magnet is magnetized 
uniformly. This assumption, in its rigorous sense, is questionable in view of the 
fact that the shape of an actual magnet is far from spheroidal and the magnet it- 
self is mounted inside a space bounded by ferromagnetic walls and in the vicinity 
of the ferromagnetic fittings (yoke) comprised in the focusing system of the micro- 
scope. However, the entire calculation is based on the limiting demagnetization 
curve, which is recorded for a uniformly magnetized magnet. Unfortunately, there 
are no other standard characteristics for permanent magnets. 

, Assuming the magnet to be uniformly magnetized, we calculated the magnetic 
flux through the internal and external walls of the ferromagnetic lens yoke (Fig. 
. These fluxes are not equal. If the magnet were absent as a ferromagnetic 


- 
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Fig.2. Radial arrangement Fig.3. Axial arrangement Fig.4. Inclined arrangemen 
of magnets in magnetostat- of magnet in magnetostat- of magnet in magnetostat- 
ic lens. ic lens. ic lens. 


body and there were present only its effect in the form of a magnetic potential 
difference applied to the oppositely polarized yokes, the magnetic fluxes through 
the internal and external yoke walls would be rigorously equal. The inequality 
of these fluxes is due to the fact that closure through the magnet, the yoke wall 
and the air gap obtains only for a certain, essentially useless magnetic flux. 
This flux only increases the weight and volume of the magnet. We have called thi 
flux the "exchange flux" and have introduced the "exchange coefficient’, which is 
equal to the ratio of twice the difference to the sum of the inside and outside 
fluxes. 

We have been able to show that the smallest exchange coefficient (~15%) cor- 
responds to radial arrangement of the magnet (Fig.2). In the case of axial ar- 
rangement of the magnet (Fig.3) the exchange coefficient equals ~35%. In the cas 
of inclined arrangement of the magnet (Fig.4) the exchange coefficient may be as 
large as 60%. It follows the conical magnet design is not expedient. 

If one determines the entire flux that emerges from the outer surface of the 
yoke and housing in relative units, one can also determine its true value, inas- 
much as the flux penetrating the ends of the pole pieces is known from the optica 
calculation. Then one can also determine the principal dimensions of the perma- 
nent magnet. 

The exchange coefficient is not the only criterion determining the choice of 
magnet shape. This choice also depends on the characteristics of the material of 
which the magnet is made. In connection with this it is appropriate to say a few 
words regarding the magnetic materials of which magnets are prepared. Among the 
domestic materials available for fabrication of magnets the most suitable for 
microscope lens magnets are ANKO-4 alloys and compressed dust core material MBA 
(magnet, barium, anisotropic). The MBA material is best used for radial magnets, 
inasmuch as this material has a characteristic demagnetization curve and a high 
field strength with a relatively low induction, corresponding to the optimum oper 
ting conditions of the magnet (Fig.5). In view of this the magnet has a small ra 
dial length, but a large cross section. In designing magnetic microscopes it is 
aede expedient to use magnets that will not greatly increase the radial size of 
the lens. 

Unfortunately, there are many technological difficulties that have to be ove 
come before MBA material can be used in practice for fabricating radial magnets 
for electron microscopes. One of the greatest difficulties is that such magnets 
should be magnetized in the direction of compression directly in the die. Yet it 


is at present virtually impossible to produce a radially directed field in a con- 
pacting die. 
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Fig.5. Demagnetization and magnetic energy curves: 1) MBA material, 2) MBA in di- 
rection of compression, 3) MBA-1l material. MBA parameters: By, = 3500-4000 gauss; 
Ho, = 1800-2600 oersted. 

Fig.6. Demagnetization and magnetic energy curve for ANKO-4 alloy. 


ANKO-4 alloy (Fig.6) is suitable for fabrication of axial magnets, inasmuch 
as its induction corresponding to (BH) ax is very high (over 10 kilogauss) , while 
the field intensity under these conditions is relatively low (about 500 oersted). 
For adjustable magnetic lenses it is desirable to have a material with a very 
steep and stable demagnetization curve (partial cycles). No material now avail- 
able meets this requirement. Thus, for example, the limiting change in magnetic 
flux in adjustment of a magnet of ANKO~4 alloy does not exceed 20%. 

Adjustment of the optical strength is realized in all magnetostatic micro- 
scopes by one of the following three methods: by means of an additional winding 
through which a relatively weak current is sent*, by means of mechanical varia- 
‘tion of the gap or thickness of the magnetic components®, or by means of redistri- 
bution of the magnetic flux between two lenses or the pole pieces. The first two 
methods can be used only for relatively minor variation of the optical strength 
(for example, for final focusing of the objective). The third method is usually 
used for regulating the magnification of projector, condenser and intermediate 
lenses®»’, In connection with adjustment of magnetostatic microscopes two-slit 
pole pieces have proved to be of great value. In regulating the optical strength, 
the magnetic fluxes through each of the slits are varied so that when one in- 
creases, the other decreases. This makes it possible to vary the optical strength 
of the system in a wide range. 

The optical properties of two-slit lenses have not yet been adequately studi- 
ed. We are now investigating such lenses by means of an electronic model (MN-7) 
with integrating, inverting, multiplying and nonlinear units. In our opinion, 
such models can be adopted for calculating trajectories and determining aberra- 
‘tion. Electronic models can accurately integrate trajectory equations and equa- 
tions with a term on the right-hand side. We checked these possibilities by inte- 
grating the differential trajectory equation for the case of a Glaser magnetic 
lens (bell shaped field). The model computing arrangement is diagramed in Fig.7. 
The results of our preliminary tests were highly encouraging. Thus the maximum 
divergence between the trajectories determined by means of the model and the tra- 
jectories calculated analytically did not exceed 4%. Differential equations with 
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a right-hand side can be integrated 
with the same accuracy. Work in 
this direction is continuing, but © 
we can already assert that two-slit 
lenses are of great interest and 
potential value, inasmuch as they 
are free of chromatic rotational 
variation and for them chromatic 
variation of the magnification 
equals zero for relatively low 
values of the optical lens strength 
parameter. 


Fig.7. Block diagram of computing elements References 
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OPTICS OF THE EM-5 AND EM-7 ELECTRON MICROSCOPES 
- V.N.Vertsner, Yu.M.Vorona, Yu.V.Vorob'ev, G.A.Bogdanovskii & Yu.V.Chentsov 


— 
f The EM-5 microscope has been in batch production for a number of years; our 
industry is now preparing to put into production the fM-7. The electron optical 
system of these instruments has a number of distinctive features. 

The illuminating system of the f£M-5 and £M-7 microscopes utilizes a short 
focus three-electrode gun and one condenser lens. The crossover in the vicinity 
of the cathode has a half-width of the order of 20-25 Ue The position of the 
condenser lens is chosen so that it will image the crossover in the object plane 
of the objective lens with a demagnification of 1:3. Hence the half-width of the 
focused electron spot on the object is 6-8 u. This is essentially the diameter 
of the illuminated section of the object in a Class I microscope with a double 
Condenser, for example, the Japanese JEM-5Y electron microscope. The effective 
Opening of the illuminator is determined mainly by the condenser aperture. With 
the condenser focused and an aperture 0.07 mm in diameter, the illuminating system 
opening equals 5-107-7 rad, i.e., the optimum aperture. This illuminating system 
is simple in design and easy to adjust. 

Often the condenser 
lens in electron micro- 
scopes has appreciable 
astigmatism: the astig- 
matic focal length dif- 
ference in some cases 
attains 500 u. The 
astigmatism of the il- 
1a 5 TS 20 ae MI luminator leads to in- 


0 00 120 40 160 160 crease in the size of 
: J,ma the irradiated area and 
Fig.2 decrease in the intensi- 


; ty of the beam. In de- 
‘signing the microscope, for correcting the astigmatism of the illuminating system 
‘we employed a simple nonadjustable stigmator (compensator). The stigmator (Fig. 
i,a) is a brass cylinder with two symmetrical nickel plated lugs. By varying the 
‘position of the stigmator in the condenser lens (screwing it in or out) one can 
regulate its "strength". The direction of the introduced astigmatism is deter- 
mined by the aximuthal orientation of the stigmator lugs. Photographs of the 
‘beam spot in the object plane of the objective lens with the stigmator (b) and 
without it (c) are reproduced in Fig.l. 
4 The image forming system consists of an objective, an intermediate and a pro- 
‘jector lens. The objective lens employs symmetrical pole pieces of the sleeve 
type. It has been shown by Glaser! and a number of other investigators that in- 
crease of the lens excitation, up to a certain limit, leads to noticeable decrease 
of both spherical and chromatic aberration. Recently, Morito2 showed experimental- 
‘ly that increase of the excitation also leads to reduction of the astigmatic focal 
Bcc difference. Tests showed that it was expedient to increase the excitation 
in the objective lens of the fM-5 and £M-7 microscopes to 3600 ampere-turns, which 
corresponds to IN/ V = 16. This was realized in the fM-5 series microscopes pro- 
‘duced since 1960. This modification resulted in reduction of the residual astig- 
matism, increase in the image contrast and enhancement of the focal depth owing to 
‘transition to a flatter section of the focal length vs excitation curve (Fig.2)% 
This facilitates focusing and insures better quality micrographs. The residual 
astigmatism of the objective lens is corrected by an electromagnetic stigmator 
developed by the writers3. The intermediate lens of the fm-5 and £M-7 microscopes 


- 696 - 


Fig.3 


has centerable pole pieces. 

Astigmatism of the intermediate lens generally reduces the quality of elec- 
tron diffraction patterns; hence in some high resolution microscopes the inter- 
mediate lenses are corrected by a nonadjustable stigmator. For example, in the 
Siemens Elmikroskope I such a stigmator is used to reduce the astigmatism to a 
value corresponding to AI/I = 3-1073, where AI is the astigmatic current differ- 
ence. For similar correction, Stoyanov4 used an adjustable electromagnetic stig 
mator. However, with careful fabrication of the intermediate lens high quality 
microdiffraction can be realized without correction, as had been done, for ex- 
ample, in the JEM-5Y electron microscope. In the EM-7 microscope the astigmatis 
of the intermediate lens is corrected by a stigmator similar to that employed in 
the condenser. This stigmator reduces the initial astigmatism by a factor of 4, 
which is sufficient for obtaining high quality electron diffraction patterns. 
Microdiffraction patterns from gold (a) and coalinite (b) obtained using this 
stigmator are reproduced in Fig.3. In the case of the gold the object was a ref 
ca from a 600 lines per mm diffraction grating, shaded with gold. ee 

_The projector and objective lenses of the EM- 
and EM-7 microscopes are designed as an integral 
unit. An electromagnetic deflecting system is use 
for adjustment of the objective lenses. The elec- 
tromagnetic adjustment is realized by means of twe 
pairs of mutually perpendicular coils located undé 
the objective pole piece. As laboratory tests she 
ed, by careful, high quality fabrication of the px 
pieces one can dispense with additional adjustmen’ 
of the objective lens and use the deflecting syst 
for adjusting the intermediate lens. The rated r 
lution can be attained without recourse to mechan: 


cal adjustment of the pole pieces of the intermed: 
Fig.4 ate lens. 
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In order to facilitate adjustment of the illuminating 
system relative to the objective lens, the power supply 
system of the £M-7 has provision for superposing an alter- 
nating component on the accelerating potential. The ac 
voltage supply circuit for the £M-5 microscope is diagram- 
ed in Fig.4 (the voltage in the secondary of the trans- 
former Tr is ~2 kv). The illuminating system is aligned 
with the objective at working magnification. The voltage 
center, i.e., the central point of the image which remains 
stationary with variation of the accelerating potential 
(Fig.5), is brought to the center of the screen by tilting 
the illuminating system. In this case the apex of the 
caustic or the point without coma virtually coincides with 
the center of the screen. The position of the apex of the 
caustic is checked by observing the symmetry of the dif- 
fraction fringe about an opening in a carbon film with 
underfocusing (Fig.6). As the criterion for the quality 
of adjustment one should take the distance (referred to 
the object) between the voltage and magnetic centers (the 
magnetic center is the point of the image that remains 
stationary with variation of the current in the objective 
lens coils). For qualitative evaluation of the adjustment 
the voltage center is first aligned with the center of the 
screen. In this case, as was noted earlier, the apex of 
the caustic or the point without coma virtually coincides 
with the center of the screen. The apex of the caustic of 
the intermediate lens is then aligned with the center of 
the screen by means of the deflecting coils. 

Usually as a result of change of current in the ob- 

Fig.6 jective the image is defocused and shifted. Inasmuch as 
for the chosen excitation the coefficients of the field 
chromatic aberrations of the magnification (C,,.) and rotation (Cg) of the object- 
ive lens are known, one can determine the distance AR; between the center of the 
screen and the magnetic center even at large magnifications. According to Vorob- 
tev, Ar; , the displacement of the point of the image, referred to the object, cor- 
responding to a relative change of the current in the objective lens A//J, equals 


2V Cin + CioRr > - 


Fig.6, which represents two photographs made on the same plate, shows the 
displacement Ar; of an opening in a carbon film, resulting from 15 ma increase of 
the current in the objective. Calculations by means of the above formula give 
Ri= 3u. 

a for the EM-5 microscope with the intermediate lens operating in the demagni- 
fying regime (the least advantageous condition as regards chromatic distortion) 
calculations yield the following tolerances as regards adjustment. So that im- 
pairment of the resolution produced by each of the three kinds of aberration sepa- 
rately (coma, and field chromatic errors owing to instability of the accelerating 
potential and also of the current in the objective lens) will not exceed 2 A, the 
distance (referred to the object) from the center of the screen to the voltage 
center and the point without coma must be less than 2 u, and the distance to the 
magnetic center must be less than 3 LH. y 

By careful alignment and adjustment of the EM-5 microscope one can obtain a 
resolution of the order of 15 A. 
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MIRROR ELECTRON MICROSCOPE FOR STUDYING THE STRUCTURE OF SURFACES 
- G.V.Spivak, I.A.Pryamkova, D.V.Fetisov, A.N.Kabanov, L.V.Lazareva & A.I.Shilin 


In the present report we describe an all metal mirror electron microscope t. 
represents an advance in the development of instruments of this type. The micro 
scope design is noteworthy in that the high resolution of the instrument measure 
up to theoretical expectations. 

The mirror electron microscope belongs in the class of instruments that per 
mit direct observation of the structure of specimens. Its chief operating chara 
teristics are the following: 1) the specimen is not bombarded by charged particl 
2) the electron-optical system has a high sensitivity to surface microfields ina 
much as these fields interact with slow electrons, and 3) in the case of electri 
microfields the picture contrast is considerably enhanced as compared with emiss 
microscopes. 

In the mirror microscope, the electrons, after being focused and accelerate 
by the electron gun, move along the system's axis of symmetry and then are furth 
retarded by the counter electric field of the "reflecting" electrode. Owing to 
the fact that the electrons are slowed down and stopped near this electrode and 
then begin to move in the opposite direction, the beam is extremely sensitive to 
microfields on the reflecting electrode. 

Incident to reflection the electron beam is scattered, and then focused by 
the immersion objective and successive lenses of the instrument to yield an imag 
of the microfields. In view of this mechanism, one can expect a resolution of t 
order of 80-100 A.1 Image contrast is due to redistribution in density of the r 
flected electron beam. 

An electric surface microfield gives rise to local distortion of the equipc 
tential planes. The tangential component of this field2 broadens or narrows the 
electron beam. Contrast is higher than in an emission microscope by virtue of t 
fact that the tangential component acts on the beam twice (during forward and re 
verse motion). 

A magnetic microfield (observed in a mirror for the first time* by Spivak e 
al*) interacts only through its normal component with the radial component of tl 
electron velocity vector: its radial component produces no effect, owing to inte 


*See also Ref.3. 
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latter component changes polarity incident to reflection, the forward and reverse 
effects cancel each other.5 

The present instrument finds specific application in investigation of the 
surface of bulk specimens having some sort of electric or magnetic topography. 

The instruments described in Hottenroth's® and Orthuber's? first works were 
constructed of glass and had low magnifications (20-30 X), yet they served to 
demonstrate the possibility of imaging the microgeometry and electric field dis- 
tribution on the surface of semiconductors. The returning beam was separated from 
the primary beam and deflected onto a fluorescent screen by a magnetic field. The 
magnetic microstructure of the ferromagnetic domains of cobalt#» ,» and then of 
‘silicon iron and meteoric iron3, was brought out with magnifications of 400 to 
800 X. Two years later (1957) Mayer? repeated these experiments and extended visu- 
al observation of magnetic microstructures to ferrites, magnetic tape and other 
materials?, using magnifications in the range from 50 to 1200 X. Subsequently 
Spivak et a110 demonstrated the possibility of bringing out the electric domain 
structure of ferroelectrics, e.g., barium titanate, with a magnification of 1000 X. 
At the International Semiconductor Conference (Czechoslovakia, August 1960), E.In- 
gras reported on his observation of a germanium p-n junction by means of an elec- 
tron mirror. At the Physical Section of the Third Conference on Electron Micro- 
scopy, Kormilitsyn et alll reported on "photographing" such junctions in silicon 
‘and germanium. Spivak et all2 have published data on the observation of "patch 
fields" on the emitters of electron multipliers, and examined in detail the mechan- 
‘ism of contrast formation in electron mirrors.2 
The design of mirror microscopes is being gradually perfected. Whereas the 
‘first models were of glass4,5,7, subsequent models have been of metallic design. 
‘The authors of Ref.3 used an fM-4 electron diffraction instrument to produce a nar- 
row electron beam. Mayer? »9 designed a relatively simple instrument for observing 
ferrites and magnetic tapes with one stage of imaging by an immersion objective. 
‘Heydenreich13 recently published a description of a metal instrument with voltages 
‘up to 20 kv and one stage of magnification; the screen is set at an angle of 45° 
“relative to the instrument axis, which not only does not hamper observation (owing 
to the great depth of definition of the mirror) but even improves picture quality 
“incident to external photography. 

At present a number of laboratories are engaged in developing mirror electron 
microscopes and extending their range of application. 
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Design of the Mirror Electron Microscope 


Our electron microscope comprises the following components: an electron gun, 
condenser lens, a camera, an intermediate lens, an electron mirror, a specimen 
stage and displacement mechanism, a vacuum system and a power supply. 

The metal construction of the mirror provides for the necessary adjustments 
of the optical system without disturbing the vacuum. For purposes of increasing 
the relative aperture and, partially, the resolution, the design of the electron 
mirror provides for "magnetic diaphragming" of electrons in the vicinity of the 
reflecting electrodel4. The field strength on the investigated surface can be 
controlled in a wide range. The specimen in its holder can be displaced along 
‘three coordinate axes relative to the system of electrodes forming the electron 
mirror, which affords the possibility of observing individual sections as well as 
the microfields at different elevations above the surface. 

3 The design of the instrument includes a supplementary electrostatic lens for 
the further magnification of the image yielded by the first stage of the mirror. 
To permit observation of the surface structure of emitters, we provided for a 
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vacuum of the order 107° mm Hg. The design 
also provides for heating the specimen and 
connecting to thermocouples monitoring its 
temperature. 

Power is supplied by a high-voltage (45 
50 kv) rectifier and a cathode heater supply 
The electric circuit has two voltage divider 
for regulating the electrode potentials of 
the gun, the electron mirror and the inter- 
mediate lens: one an oil divider with contin 
ous voltage control, which serves to set the 
range and permissible jumps in potential, an 
the other of conventional design, which serv 
for stepless control of the voltage within a 
given range. 

A photograph of the instrument is repro 
duced in Fig.1. The inidividual components 
are arranged as follows. The electron gun i 
located at the bottom of the assembly. Its 
design is based on a conical control electro 
which insures a high beam intensity. For pu 
poses of alignment the gun has provision for 
tilting and for lateral displacement of the 
entire system. The beam is tilted by displa 
Fig.l. General view of the mirror ing the conical electrode; this tilting ar- 

electron microscope. rangement is basically similar to that em- 
ployed in the illuminating system of the MES 
40 electrostatic electron microscopel9, 

The illuminating aperture of the gun is mounted on a movable stage and can 
adjusted by cranks. It can also be withdrawn from the beam for adjustment of th 
mirror. Horizontal displacement of the entire gun insures displacement of the 
electron beam parallel to the optical axis. The gun housing is attached to the 
volumn by a threaded flange. 

In adjusting the gun for this instrument, we found that a supplementary cor 
denser lens in the illuminating system is very useful, inasmuch as the electron 
beam, on its forward and reverse paths, goes through a considerable number of 
apertures with the result that its intensity is reduced. 

An outline of the instrument column is shown in Fig.2. The camera differs 
markedly from those generally employed in electron microscopes owing to the fact 
that the electron beam must pass through it (since gun and object are located or 
different sides of the camera). The camera magazine is a metal box with three 
compartments for cassettes; the electrons pass through an opening in the cassett 
Two 4.5 X 6 cm photographic plates are loaded into each cassette. Exposure is € 
fected by raising the screen. The magazine is positioned in the camera by mean: 
of special shutter. The cassettes are inserted into the right-hand compartment 
through a vacuum lock; they are lifted by a conical spring and successively int: 
duced into the middle compartment by a special mechanism; after exposure they a: 
ejected into the left-hand compartment. The cassettes are moved by an external 
crank, which turns the camera shaft. Two forks fastened to the shaft displace 
the lid of the magazine, and only the top cassette is picked up for transfer. 

Two windows are provided for observation of the image on the fluorescent 
screen. The camera forms the base of the electron mirror, and the tubing to th 
vacuum system is connected to it. The condenser and electron gun are mounted 0} 
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aay +Fig.2. Diagram of the microscope: 1) mechanism 
a for displacing the object in the vertical plane, 
& io 2) mechanism for displacing the object in the 
We FE Ah horizontal plane, 3) magnetization and "magnetic 
sell 5 diaphragming" coil, 4) object-mirror cathode, 
ob 2 5) five-electrode immersion objective, 6) lens 
for second stage of magnification, 7) camera with 
q opening for beam, 8) fluorescent screen for visu- 
= al observation, 9) condenser, 11) gun illuminat- 
ae — ip ing object (4). 
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the base of the camera. 

The design of the camera is shown in Fig.3. 
ail - pe m The intermediate lens is an electrostatic lens. 
LI ( Ho The fluorescent screen is located at the upper 

aN part of the lens. The design of the instrument 
column provides for varying the position of the 
intermediate lens, which is mounted in a section- 
ed cylindrical tube. The tube sections are fashion- 
ed so that they can be interchanged, and one of 
them can be inverted in assembling the instrument. 
In this way, by chainging the places of the tube 
sections, reversing or omitting a section entirely, 
the intermediate lens can be set in any one of six 
different positions, which substantially increases 
the experimental possibilities. 

The electron mirror itself is designed as 
follows. The specimen is mounted on a steel rod. 
The reflected electrons can be diaphragmed by an 
g externally controlled magnetic field, which can 
also serve to magnetize the specimen. The first 
mirror electrode is mounted on an insulator in 
front of the specimen, and the high voltage from 
the divider is applied to this electrode. The 
electrostatic single lens is installed under the 
electrode. By means of a standard lead a control 
voltage is brought to the middle electrode. To- 
gether with the specimen this system forms a five- 
electrode electron mirror. This single lens, con- 
stituting a part of the mirror, is characterized 

Fig.2 by the fact that its upper electrode has the form 

of a plate, and the middle and lower electrodes 

are brought up close to it. This electrode arrangement provides for positioning 
the lens close to the first electrode of the mirror. All the electrodes are re- 
“placeable, which facilitates maintenance. Inasmuch as the electron beam passes 
through the opening in the cassette, insertion of a cassette might disturb the 
adjustment. To provide for easy readjustment the upper part of the mirror column 
can be displaced in the horizontal plane by special screws. 
As noted above, the instrument incorporates a specimen displacement mechanism. 
The specimen is displaced horizontally by moving the entire specimen chamber. In 
addition, the metal rod - the object holder - is fastened to a sliding cylinder 
riding in an insulator and can be displaced along the instrument's optical axis 
by means of a special crank. A spring insures return movement. Specimen replace- 
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Fig.3. Diagram of camera: 1) crank 

shaft, 2) flange, 3) crank, 4) view 

ing window, 5) vacuum system mani- 

fold, 6) hatch of camera, 7) cas- 

sette magazine, 8) detachable lid, 

9) shutter, 10) crank for raising 
screen. 
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ment is carried out via a lock at the end of the instrument. The specimen chamb 
has a high voltage lead-in with four contacts. These provide for applying a po- 
tential to the object and connections to the heater and thermocouple. 

The design of the vacuum system of the mirror differs little from that used 
in the electron velocity analyzer described in Ref.16. To provide a vacuum of 
1076 mm Hg, we used an oil diffusion pump with a capacity of 500 liters per sec 
and a rotary pump of appropriate power for the fore-vacuum. The vacuum system 
comprises a liquid nitrogen vapor trap. 

The supply unit consists of a voltage-doubler type 50 kv rectifier employin 
selenium elements. The gun filament is supplied from a separate 50 cps rectifie 
located in the same tank and equipped with a filter. 

The electron mirror potentials are controlled by dividers. Each voltage di 
vider is an oil-filled tank of plexiglas with three plates. One is grounded; tt 
second is connected to the high voltage source; the desired voltage is taken off 
the third, moveable plate. 


Principle Operating Conditions of the Mirror Electron Microscope 


In working with the present instrument, as well as earlier3, we observed tv 
types of images. : 


We note that for the three- and five-electrode mirror objectives that we 
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Fig.4. Copper etched by ion bombardment. 600 X. 
‘Fig.5. Small-angle linear dislocation on a (111) face of germanium, brought out 
by ion bombardment. 600 X. 
Fig.6. Domain structure (parallel lines) on annealed Si-iron single crystal. 600 X. 
Fig.7. Domain structure of ferrite single crystal (magnetoplumbite). 
600 X. 


used there exists a range of cathode aperture volt- 
ages in which no image is observed. Consequently, 
this no-image region divides the range of voltage 
values on the focusing electrode (in the case of 
the three-electrode objective) into two regions and, 
accordingly, the operation of the objective into 
two operating regimes. We investigated the charac- 
ter of the image under both regimes. At an anode 
voltage of 20 kv the first operating regime obtains 
for the three-electrode objective at a focusing 
electrode potential of 0 to +1 kv relative to the 
mirror cathode, while the second operating regime 
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‘Fig.8. Domain structure on sets in at a potential of +3.5 kv. No image is 
hexagonal face of a cobalt present in the range from +1 to +3.5 kv. Provision- 
" single crystal. 600 X. ally, we designate this region the "region of in- 


flection". Under the first operating condition the 
image is erect and becomes smaller with increase of potential on the focusing elec- 
“trode; then it shrinks to a point, i.e., vanishes, and then begins to grow again, 


“but is now inverted. 
4 The character of the image is substantially different under the two regimes. 
: ' 5 7 " 

Under the second operating condition the "secondary emission spot accompanying 
the mirror image appears in the form of a diffuse bright patch at the center of 


int 
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while under the first condition it has the appearance of a bright ring 
gun cathode) of a low positive bias (0.1 v) to the 
kens the secondary emission spot or even suppresses 


the image, 
Application (relative to the 
mirror cathode appreciably wea 


it altogether. 
Our observations show that the second operating regime secures the imaging 


of microfields that spread out from the object to considerably lesser distances 
than those fields that can be observed under the first regime. The latter is ver 
convenient for comparison of thermionic and mirror images, inasmuch as the object 
ive under this condition has the same focal length for both types of imaging. 

To elucidate the electron-optical nature of the image formation, we calcu- 
lated the electron trajectories for the three-electrode objective under both opez 
ting conditions. It turned out that the scattering field in the anode-focusing 
electrode region is considerably weaker under the second operating condition thar 
under the first. This explains the lesser scattering of the electron beam in the 
second regime and the greater ‘entry aperture"* in the anode-focusing electrode 
region. The field of the cathode has a stronger collecting region under the sec- 
ond condition and therefore the electron trajectories, which have a smaller radiéz 
velocity component than under the first condition, approach closer to the cathode 
(~0.01 mm as compared with ~0.1 mm under the first condition) and come up against 
a stronger retarding-reversing field. Our calculations show that the focal lengt 
of the system under the second condition is about one order of magnitude less thi 
under the first (f = 0.02 mm for the second as compared with f = 0.2 mm for the 
first regime). Thus the focal length under the first regime is of the same ordel 
of magnitude as for a thermoelectronic system. This agrees with the experimental 
fact of concomitance of mirror and thermionic images under the first condition. 2 

Figs.4 to 8 show a number of photographs obtained by means of the microscope 

The design of the present instrument differs in a number of respects from 
that of earlier similar microscopes. The camera with the electron beam passing 
through it permits photography of electron images in vacuo. Illumination is en- 
hanced by a condenser and a magnetic field on the specimen. The intermediate lel 
can be set at different distances from the immersion mirror objective, permittin; 
immediate high electron-optical magnification, which is crucial for direct metho 
of investigation. The heating of the specimen and measurement of its temperatur 
permit investigation of the structural changes occurring at phase transition poi) 
Finally, the instrument has adequate provisions for making all necessary adjust- 
ments. 

By now methods for direct microstructural investigations by means of reflec 
ing, scanning and immersion microscopes have been thoroughly worked out. The us 
ful magnification provided by the electron mirror cannot in principle exceed the 
possibilities of these systems. However, the higher sensitivity of the electron 
mirror to conditions at the surface of the object augurs well for its applicatio 
and development. 
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SOME QUESTIONS ARISING IN THE DEVELOPMENT OF AN X-RAY MICROANALYZER 
- A.M.Solov'tev & V.N.Vertsner 


The electron-optical system of an x-ray microanalyzer is essentially a probe 
system with a probe (electron spot) diameter of 1 micron. Naturally, with so smal 


a focal spot the question of the intensity of the electron beam (and consequently 
the intensity of the excited 


| x-radiation) becomes important 
11 inasmuch as this factor deter- 
1] mines the sensitivity of local 
x-ray analysis. 
Blectron Tener eae oi Probe Generally a demagnifying 
pun system consisting of two lens- 
Fig.l es is used for producing the 
electron probe (Fig.1). The 
diffusion of the electron spot is determined primarily by the aberrations of the 
second lens, which include spherical aberration, astigamtism and coma. 
The diameter of the circle of diffusion due to spherical aberration in the 
"Sharpest image’ plane is given by 


ds Sh oi Sahg , (1) 


where (; is the spherical aberration constant of the second lens, and acx is the 

exit aperture of the electron beam. It will be evident from this formula that to 
minimize the circle of diffusion the second lens should have the lowest possible 

spherical aberration constant, i.e., should be a "strong lens. 

Actually, however, in choosing the electron-optical system for a microanalyze 
one must take into account a number of other specific requirements in addition to 
that of a minimum spherical aberration constant. In particular, one must provide 
for the insertion of relatively bulky specimens and make provision for light- 
optical observation of the surface of the specimen with a magnification equal to 
that of a good metallographic microscope, or one must find place for a deflecting 
system for scanning the specimen surface with the electron beam. Lastly, one must 
take into account the influence of ferromagnetic specimens on the field of the 
second lens. 

To satisfy these different requirements it becomes necessary to make the 
second lens a long focus one (f = 10 to 30 mm), i.e., to use a lens that is ap- 
preciably weaker than the lenses employed in electron microscopes and hence char-=- 
acterized by a spherical aberration constant appreciably larger than that of elec- 
tron microscope lenses. 

If the second lens is chosen on the basis of the above mentioned requir ement;: 
i.e., if the spherical aberration constant is predetermined by the other factors, 
there arises the question of choice of the exit aperture for this lens, inasmuch 
as this also affects the size of the circle of diffusion. 

The geometric size of the electron probe is the sum of the diameter of the 
gaussian image and the diameter of the circle of diffusion due to spherical aber- 
ration (we provisionally neglect other aberrations), that is, 


a dgausst ds. (2) 


The greater the exit aperture a,.,, the greater the probe current, but also 
the greater d;. Consequently, to obtain a specified probe diameter d, one must 
reduce dgauss, 1-e., have recourse to a greater demagnification of the electron- 
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abies system, which leads to decrease of the current density per unit aperture 
angle. 


Obviously, there must be an optimum demagnification for which one can obtain 


a maximum value of the probe current with a given probe diameter d. 
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q Inasmuch as the data in the literature2,3 concerning the optimum demagnifica- 
tion conditions and values of the probe current are conflicting, we carried out 
a mathematical analysis of the operation of the electron-optical system of an x- 
ray microanalyzer in order to determine the coefficients relating the maximum 
current with the principal parameters of the system. 
As a result there was obtained the formula 
9 mn? dls 


imax = Ban or (3) 


where ¢ is the probe diameter, and B Se is the brightness of the gun. 


This expression for the maximum current agrees with the formula given by 
Castaing2. We also showed that under optimum conditions the system must operate 
with a magnification 


Atrue ; (4) 


there simultaneously being fulfilled the condition 


Fig.2 shows the variation of the probe current as a function of the magnifi- 

cation of the electron-optical systen. 
Another possible aberration is astigmatism arising 
Ly in the system owing to imperfection of the optics and 
the presence of contaminants along the beam path; in 
the case of microanalyzers, however, astimatism can be 
eliminated by means of compensators and, consequently, 
should not diffuse the electron probe. 
d a Owing to inaccuracies in fabrication and adjust- 
Ztrue Utrue ment, in addition to spherical aberration and astigma- 
2 tism, there may arise in the system coma aberration, 
due to passage of the electron beam not exactly through 
the center of the lens, which also leads to diffusion of the electron spot. To 
eliminate diffusion of the probe due to coma, the instrument should have provisions 
for adjustment to align the electron beam with the center of the lens. In addi- 
tion to elimination of diffusion, adjustments are necessary for realizing the maxi- 
mum probe current. 

Let us consider the 
question of adjustment of 
the probe system. Fig.3 
shows the electron path in 
a two-lens system consist- 
ing of three optical ele- 
ments, which should be sus- 
ceptible of adjustment rela- 
tive to each other. 

Inasmuch as the first 
Fig.3. lens does not produce the 
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final image and is operated to give demagnifica- 
tion, all its aberrations have no significant in- 
fluence on the diffusion of the final spot. Hence 
the only purpose of adjustment of the gun relative 
to the first lens is alignment of the electron 
beam from the gun with the center of the lens aper 

Fig.4 ture, in order to obtain the maximum beam intensi- 

ty after the lens. This can be realized by dis- 

placing the gun filament together with the Wehnelt cylinder. As a result of such 
adjustment the intermediate image is formed at a point which may not lie on the 
axis of the second lens, so that the axis of the beam will not coincide with the 
center of the second lens. 

If the aperture of the second lens is located at its center, it will cut off 
a side cone from the beam diverging from point A (Fig.4); hence to obtain the maxi 
mum probe current one must align the gun axis with the center of the aperture. 
Thus there must be provision for another adjustment: either tilting of the beam 
or displacement of the lenses relative to each other. In this case one can rea~ 
lize the maximum probe current in accord with Eq. (3). However, the center of the 
second beam aperture may not coincide with the center of the lens (Fig.4), which 
will give rise to coma. 

For the sake of simplicity we shall consider here the case when the inter- 
mediate image A is located on the axis of the second lens. The radius of the 
circle of scattering, due to aberration of this lens in the image plane, will be 
given by 


1 
rs =zCs [(0+ a)? + (1 —8)9] = > Cs (209 + Bab?) = Cy (a® + 3062). (6) 


It is evident from this formula that noncoincidence of the center of the 
aperture with the center of the lens leads to an aberration that is added to the 
spherical aberration. If it be required that this additional aberration not ex- 
ceed 10%, there must be fulfilled the conditions 

1 3 ay ees 
30 <has  P< apa O< SE; (7) 
whence we obtain the following specification for the accuracy of adjustment of 
the aperture 


Tapert 
RS ie (8) 


The absence of data on the extent of the noncoincidence of the geometric 
center of the lens with its optical center leads to the necessity of having pro- 
vision for displacing the aperture of the second lens, although in itself the 
tolerance as regards the value of h is not rigorous. 

Thus for alignment and adjustment of the probe system of an x-ray microanaly 
zer there must be provisions for three adjustments; these three adjustments, as 
described above, are necessary and sufficient for realizing a minimum probe dia- 
meter and maximum probe current. 

The question of elimination of spherical aberration of the second lens may 
be solved by using nonaxially symmetric optics. 
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SCANNING ELECTRON MICROSCOPE AND X-RAY MICROANALYZER 
~- Yu.M.Kushnir, D.V.Fetisov, K.K.Raspletin, B.1I.Pochtarev, F.U.Spektor, 
A,N.Kabanov & V.F.Anisimov 


In recent years considerable work has been done in the USSR and abroad on 
development of instruments combining an electron microscope with an x-ray micro- 
analyzer.1-7 By means of these instruments one can simultaneously obtain an elec- 
tron image and an x-ray spectroscopic trace of the investigated surface. The 
electron beam image is of interest not only because this can have a better reso- 
lution than obtained by means of a metallographic microscope but also because it 
allows of observing certain specific processes and effects (for example, one can 
visualize the boundary in p-n junction transistors and similar devices). The x- 
ray image, which can be correlated and compared with the electron image (both im- 
ages are obtained on the screens of two cathode-ray tubes) allows of determining 
the distribution of a given element over the surface. 

Although at present the electron microscope—x-ray microanalyzer is only used 
for metallographic and mineralogical studies, it has great potential interest for 
chemists and biologists as well. The present paper is a preliminary report on the 
development of an instrument of this type. 

A scanning electron microscope—x-ray microanalyzer is a very complicated in- 
strument comprising a large number of independent units and assemblies. A block 
diagram of the instrument is shown in Fig.l. 


Ac line? 


Ac line®o 


f 
Ac line 


Fig.l. Block diagram of the scanning electron microscope with x-ray micro- 
analyzer: 1) high voltage and cathode supply, 2) oil voltage divider, 3) 
stigmator (compensator) supply, 4) line voltage regulator, 5) multiplier 

supply unit, 6) line voltage regulator, 7) line voltage regulator, 8) pre- 
amplifier supply, 9) preamplifier, 10) video signal amplifier, 11) line 
voltage regulator, 12) visual observation sweep supply unit, 13) eee cor- 
rector, 14) slow scan supply, 15) visual observation scan unit, 16) s oe 
scan unit, 17) amplifier, 18) scaler, 19) recorder, 20) discriminator, 

amplifier and discriminator supply unit. 


The electron optical system for obtaining a narrow electron beam (probe) con- 
sists of two electrostatic lenses Lj and Lg, a stigmator (compensator) C and on F 
electron gun EG. Adjustable and interchangeable apertures A, and Ag are installe 
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in front of each of the electrostatic lenses. The focal length of the first lens 
is ~3 mm; that of the second is 25 mm. The total magnification (demagnification) 
produced by the electron-optical system is 1500 X, which makes it possible oe ob= 
tain an electron probe 0.2-0.4 in diameter with a current of (0.6-0.8)*10 amp. 

The accelerating voltage for the electron gun and lenses is supplied by a loy 
frequency 50 kv half-wave rectifier 1 employing selenium elements in a voltage 
doubler circuit. The rectifier filter incorporates an additional buffer capaci- 
tance of 0.3 uf, which, in addition to suppressing ripple, insures a high oper- 
ating stability of the optical system forming the probe, inasmuch as the electron 
trajectories in the electrostatic lenses do not change incident to slow fluctua- 
tions of the supply voltage. Focusing of the electron beam is realized by varia- 
tion of the potential on the two lenses by means of an oil voltage divider 2. 

The electron beam focused on the surface of the investigated object O is 
swept by an electromagnetic deflecting system OC located in front of the second 
lens (0.1 x 0.1 mm raster). The secondary electrons ejected from the object g° 
to the input of the electron multiplier EM with an amplification factor of 10 -10° 

The dynode system of the multiplier consists of 16-17 emitters made of acti- 
vated beryllium bronze. A multiplier of this type can operate for a prolonged 

; °1074 ©1072 : i 
period at a vacuum of 1°107™* to 5°10°° mm Hg, withstands systematic contact with 
the atmosphere and has a low sensitivity to x-rays. 

To protect the multiplier from oil vapor the vacuum system has two liquid 
nitrogen traps, installed in front of the high vacuum and fore vacuum pumps. The 
multiplier is supplied from a regulated 5 kv "Orekh" type rectifier 5. The volt- 
age ripple is smoothed by an additional choke-capacitor filter. 

aoe the pro toby be instrument we used electron multipliers developed by Aki- 
shin? and Tyutikov’. 

The signal voltage appearing on the load resistance connected into the multi- 
plier collector circuit is amplified by the wide band amplifiers 9 and 10 with a 
passband from 25 cps to 6-8 Mc and an amplification factor of ~10 000. The ampli- 
fiers are supplied from the regulated rectifiers 7, 8, 11 and 12. 

The amplified signal is applied to the modulator of the kinescope Kj. The 
instrument incorporates a gamma corrector 13 with a nonlinear amplitude character: 
istic; this unit corrects the nonlinearity of the modulation characteristic of 
the kinescope. By means of the gamma corrector one can regulate the image contra: 

The instrument has two scan units: one of these (15 in Fig.1) serves for vis 
al observation of the image with a resolution of 300-350 lines; it yields 50 fram 
per sec (sweep frequency 15625 cps) and operates in conjunction with a 35LK2B kin 
scope (Kj); the other scan unit (16 in Fig.1) is a slow sweep unit (scan time per 
frame 0.2 sec) and operates with a 13LM kinescope with a persistent afterglow; 
this unit is intended for photographic recording of the image by means of a camer 
(sweep frequency 5 cps). The two scanning units are supplied from separate recti 
fiers 12 and 14 with electron regulation. 

The x-ray spectroscopic equipment consists of two assemblies: a universal x- 
ray spectrometer with a recording system and a television circuit incorporating a 
peenane K3, an amplifier 17, a pulse height discriminator 20 and a supply unit 

The spectrometer is installed inside a cylindrical vacuum chamber and has pr 
vision for interchange of the analyzer crystals Cr and gas counters Co during ope 
tion of the instrument. The spectrometer design employs a Johann mount (reflec- 
tion). The kinematic system of the spectrometer provides for an operating range 
of glancing angles from 13 to 45°, which makes it possible to carry out determina 
tions of metals from magnesium (Z = 12) to uranium (Z = 92). To this end there 
are provided two quartz single crystals with reflection from the (1340) and (1010 
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Fig.2. General view of the scanning electron microscope—x-ray microanalyzer. 


planes and a mica single crystal with reflection from the (001) face. The crys- 
tals are bent to a radius of 400 mm. Thus the range of analytic wavelengths is 
0.7 to 10 A. 

This spectrograph allows of making quantitative determination of the chemi- 
cal composition of metals and alloys in a volume of a few cubic microns. However, 
the principal function of the instrument is to investigate the distribution of 

different metals over the surface of the specimen. 

In this case the electron probe, somewhat increased in diameter, is swept 
over the surface of the specimen, and the spectrograph is successively set to de- 
tect the different components of the alloy in question. The signals from the 
counter Co go to the amplifier 17 and after passing through the pulse height dis- 
-criminator 20 modulate the beam of kinescope Kj, the raster of which is synchro- 

nized with that of kinescope Kj. 

Thus the instrument allows of simultaneous observation (and/or photography) 
of the electron beam image of the selected surface of the specimen and recording 

of the distribution of a selected element over the surface of the specimen. 
i A general view of the prototype instrument is shown in Fig.2. We have car- 
vied out a number of preliminary tests and have obtained electron images of dif- 
ferent specimens with a resolution of 300 lines at a frame frequency of 50 per sec. 

Micrographs of a number of metal surfaces obtained with a magnification of 
700 X are reproduced in Fig.3. The maximum resolution in the recording micro- 

graphs is 0.1 yu. It is interesting to note that the resolved distance in the 

micrographs is usually 1.5-1.7 times smaller than the diameter of the probe. This 
is, apparently, explained by the character of the current intensity distribution 
over the probe cross section: the most intense central portion of the probe is 

"primarily responsible for formation of the image. 

It will be seen that the recorded images are characterized by good contrast 

and good rendition of the surface topography. 
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Fig.3. Electron micrographs of 

a) electrolytic copper screen, 

b) No.10 steel, c) etched ger- 

manium, d) sputtered germaniun, 

e) antimony surface. Magnifica- 
tion -— 700 X. 


Of great interest is the possibil;i 
ty of direct investigation of p-n junc- 
tion transistors. By way of illustratic 
in Fig.4 we show a micrograph of the sui 
face of a silicon junction transistor bs 
fore and after application of a potenti: 
difference. The line of the p-n junctii 
becomes evident even at a potential dif: 
ference of about 2 v at an electron probe enerty of 25 kev, which indicates that 
the image in the scanning microscope is formed mainly by slow electrons. 

It also proved possible to examine and photograph a number of organic speci: 


mens by means of the scanning microscope. A micrograph of a fly wing is repro- 
duced in Fig.5. 


Fig.4. a - pulled silicon p-n junction; b - same junction transistor 
with a voltage applied to it. 


Fig.5. Fly wing. 700 X. 


In addition to investigation of the 
scanning microscope part of the instru- 
ment we have also carried out prelimin- 
ary tests of the x-ray spectrographic 
units. In these tests we used an MSTR-4 
counter for detecting the x-radiation. 

: Fig.6 presents the spectrogram of 
the Ka doublet of iron recorded with the 
(1010) reflecting plane quartz crystal 
in the spectrograph. It will be evident 


from this spectrogram that the instrument 
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Fig.6. Spectrogram of the KO 
doublet of iron. 


is capable of resolving the Ko doublet of iron, the lines of which have a separa- 


tion of 4 X. 


Similar spectrograms were obtained for other specimens. 


In testing the x-ray spectroscopic apparatus in conjunction with the video- 
control equipment there was obtained the image of a nickel-iron contact weld (Fig. 


e 7). 


With alternate setting of the spectrometer on the KO line of iron and the 


5; Ko! line of nickel the light and dark halves of the image changed places. 
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Fig.7. Iron-nickel contact weld. 
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. USE OF GAS MICROCELLS IN ELECTRON MICROSCOPY 
- I.G.Stoyanova 


Invention of the electron microscope greatly extended the possibilities of 
investigating microstructure in that the resolution of even the first electron 
microscopes was of the order of 100 A as compared with 2000 A in the case of light 
microscopes. Further advances into the submicroscopic world were made both along 
the line of improving the resolution (from 100 to 10 A) and along the line of de- 
veloping new specifically electron microscopic techniques (microdiffraction, dark 
field, etc.) and preparative procedures (carbon replicas, fixation of biological 
specimens, ultrasectioning, etc.). The necessity for developing new preparative 
procedures stems from the fact that the advantages of electron microscopic inves- 
tigation could not be utilized in the case of a number of objects in view of the 
specific characteristics of the electron microscope which stem from the fact that 
it is a high vacuum instrument and utilizes electrons as the source of illumina- 


tion. Thus there was immediately excluded the possibility of direct observation 


of biological specimens in the moist state and live cells. Despite the fact that 
during the initial stages of development of electron microscopy much attention 
was given to this problem, it was not successfuly solved. As a result, until re- 
cently, electron microscopes could be used only for studying static (dried and 
stationary) objects. 

The recent development of the gas microcell procedure! made it possible to 
realize in an electron microscope conditions that permit direct investigation of 
the kinetics of chemical reactions between solid, liquid and gaseous phases, 
study of live microorganisms and observation of the dynamics of morphological 
changes? occurring in different specimens under the influence of diverse factors 
including ionizing radiation* (this last is facilitated by the fact that the elec- 
tron beam itself constitutes ionizing radiation). 

The possibility of investigating live cells by means of the UEMB-100 electron 
microscope is realized by means of a special objective lens with a specimen micro- 
cell which is installed instead of the standard specimen chamber, and is equipped 
with a valve system for controlling the pressure and composition of the gas in the 
cell. A specimen can be maintained in the natural moist state by virtue of the 
fact that it is kept in an atmosphere of water vapor (or suitable gas) at a pres- 


sure minimizing evaporation. 


The space in which the object is located is bounded by two films (1 and 2) 
covering the openings in the rings 3 and 4. These films prevent the escape of gas 
or water vapor into the microscope column. The films are of formvar, coated with 
a hydrocarbon layer, and are thus sufficiently 
strong to withstand a pressure differential of 1 to 
7 under electron bombardment, and at the same time 
are sufficiently thin not to produce any significant 
distortion of the electron trajectories. Good vacu- 
um seals between the cell components prevent the 
leakage of gas or water vapor into the vacuum space 
of the microscope. The gas channel 5 is located in- 
side the object holder, and is connected at one end 
with the microcell and at the other with the valve 
system. Thus in operating the vacuum lock to in- 
sert the specimen into the microscope, it is not 
necessary to evacuate the microcell, which is parti- 
cularly important in investigating live and moist 
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Fig.l. Diagram of microcell. specimens. The valve system allows of regulating 
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the composition of the gas in the nieroce a 
Epo te of varying the gas pressure from 760 to 107 mm 


aT TB te r-5y2 He. The diaphragm 6 with a 10-20 p aperture is 
inp Lees aG a located in the immediate proximity of the speci- 
ue) i men and serves to shield all but the observed 
. section of the specimen from the electron beam. 
| Se Ns Additional scattering of electrons by the 
> - second film of the microcell and the atoms of 
| OLpp 23:10 ‘rad the gas filling it has a substantial influence 
da iP not only on the quality of the image (resolution 
eee et pine and contrast) but also on the processes occur— 
2+ ring in the object (ionization, heating, charg- 
- ing, etc.). In view of this we investigated the 


d 10 1 29 d, ug Fem? influence of the gas and the second film on the 
3 a quality of the image (influence on the electron 
LL ie 4-04 peam) and also the effect of the electron beam 
Cle on the investigated object mounted in the gaseou 
medium. Our purpose was to find means for pro- 
Fig.2. tecting live cells from damage by the electron 
beam. Finding such means would also make it 
possible to carry out investigations of the kinetics of life processes with the 
aid of an electron microscopy. Similar problems arise in electron microscopic 
investigation of the kinetics of chemical reactions. 

The contrast of the electron image of objects investigated in the gas micro- 
cell was evaluated from the distribution in density of the electrons in the image 
under different conditions. Changes in the electron density distribution in the 
presence of two films over the ring apertures and with filling of the cell with 
gas was determined by means of the procedure described in Ref.5. 

Fig.2 shows the variation of n/n, as a function of d, obtained with the cell 
covered by hydrocarbon coated formvar films 2.2 ug/om2 thick films (here nis the 
density of electrons passing through the microcell within the limits of the aper- 
ture angle of the objective lens, is the density of electrons incident on the 
object, and d is the superficial density of the object). We give curves for two 
values of the objective aperture, namely, 3.7°1073 and 3°107! radians at an ac- 
celerating potential of 60 kv. The focal length of the objective lens was 6.5 mm 
The observed electron density distribution inside the aperture angle is satisfac- 
torily described by the semi-empirical formula n = me! (Refs.6 & 7); here s - th 
scattering cross section - equals 12-104 em2/g for dob = 3.7°1073 rad and 3.7°104 
em2/g for adop= 3-107! rad. An idea of the change in the electron density distri 
bution as a result of admission of different gases at different pressures into tt 
cell for two values of the thickness of the gas layer (= 50 up and 10 uw) is give 
by the gas scales located above and below the graph. The zero of the gas scale 
on the horizontal axis is located opposite the superficial density value corre- 
sponding to the total thickness of the two covering films. The scales are plotte 
on the assumption that at equal superficial thicknesses the scattering in the gas 
layer is the same as the scattering in the layer of the substance. From these 
curves there were found the superficial density Ad of the specimen, corresponding 
to minimum contrast. It was found that there could be detected biological objec’ 
in the cell if their superficial density is not less than 0.8 ug/em2 with an ape 
ture angle ao = 3.7°1073 rad and 3 yug/em2 with agp = 3°1071 rad. It was postu- 
lated that the minimum contrast Knin = 0.1. 

The experimentally determined resolution of the electron microscopic image 
of objects in the gas microcell attained 50 Ae 
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Investigation of the characteristic energy loss of the electrons passing 
through the gas filled microce11® enabled us to establish that when the cell is 
filled with almost any gas except oxygen there appear in the loss spectrum for 
the covering films lines corresponding to the ionization or excitation potentials 
of the given gas, and the total loss spectrum consists of the sum of the spectra 
of the losses in the covering films and gas. In the case of oxygen, however, in 
addition to the loss lines at 8.2 and 12.8 ev, corresponding to the excited and 
ead State of O» molecules, respectively, there appears a loss line at 17 ev, 
which is evidence of change in the structure of the films under the influence of 
electron bombardment in the presence of oxygen in contact with the films. It 
should be noted that we observed no significant change in the structure of differ- 
ent objects as a result of short term electron radiation in an atmosphere of gas. 

Investigation of the thermal effect of electrons on specimens in the electron 
microscope makes it possible to obviate deterioration of the specimen as a result 
of heating by electrons. 

Investigation of the conditions leading to appearance of electric charges on 
nonconducting and semiconducting (dry) biological specimens led us to the conclu- 
sion that when the microcell is filled with gas to a pressure of 1 mm Hg this ef- 
fect is virtually nil, and that in this case one can discount the possibility of 
damage to the specimen owing to field emission from it. 

Elimination of the above enumerated deleterious effects of electrons on the 
investigated specimen does not, of course, obviate the danger of radiation damage 
of the specimen connected with the fact that when the electrons pass through mat- 
ter they produce ionization and excitation of the atoms and molecules leading un- 
der certain conditions to irreversible changes in the material. The extent of 
the radiation damage depends on the properties of the specimen, the current densi- 
ty, the composition of the medium surrounding the specimen, etc. Investigation 
of the radiation damage to live microorganisms under different conditions (gases 
of different composition and at different pressure, amount of moisture, etc.) en- 
abled us to select optimum conditions under which most microorganisms remain alive 
at least for the period of a single exposure?,4, The principal life-maintaining 
measures were the following. 

1. The current density on the object was reduced to the minimum possible value 
consistent with obtaining adequate blackening of the photographic plate (lobiect = 
= 1075 amp/em2, iplate = 10712 amp/em?, t = 10 sec); this, obviously, reduced the 
probability of damage. 

2. In adjusting and focusing the instrument we shielded the entire specimen 
except for a 10-20 u section, which reduced the radiation dose received by the 
specimen up to the instant of photographing. 

3. The presence of a layer of ionized gas on the surface of the specimen 
minimized destruction of the specimen owing to field emission, arising under the 


influence of the field of the electrostatic charges that appear on a nonconduct- 


ing object when it is irradiated under vacuum with electrons!9, 

4. We reduced the oxygen content in the medium surrounding the object at the 
time of electron bombardment, which lessened the sensitivity of the microorganism 
to the effect of ionizing radiation. 

5. We removed excess moisture, which also reduced the effect of ionizing 
radiation owing to decrease in the number of active radicals, forming as a result 
of break up of the water molecules, on the protein molecules of the investigated 


material. : 
6. Electron irradiation was carried out in the presence of certain chemical 


substances that tend to increase the radiation resistance of microorganisms. 


7. Where possible we reduced the temperature of the specimen in order to slow 
down the spread of damage. 
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saSbinear yee eee the thermal effect of the bombarding electrons on the 
: g the current density on the object to 10-4 amp/em? and limit- 
ing the area of the bombarded section to 10-20 HW. The temperature of the object 
did not increase by more than 1-2°, 

Simultaneous application of all the above measures, except 6 and 7, made it 
possible to realize micrographing conditions under which even live microorganisms 
withstand a single exposure without noticeable damage. This enabled us to expand 
the range of applications of the electron microscope and to observe a number of 
interesting phenomena, including the following: the process of chemical reaction 
between solids and gases, for example, between Ag and HoS and Op (Ref.2); droplets 
of liquid, for example, H»S0 4* (Fig.3,a) and the process of its evaporation with 
reduction of pressure in the microcell (Fig.3,b,c & d); aerosols; changes in bac- 
teria incident to drying (Fig.4); changes in specimens under the influence of ion- 
izing radiation, for example, bacterial cells and collagen; changes in different 
specimens under the influence of various reagents which are sometimes indicative 
of the distribution of different components in the specimen; live bacterial cells 
and the changes in them in the process of development, including interaction be- 
tween the cells at different stages of their development; the process of develop- 
ment of noncellular and other forms, which is important for understanding the 
basic nature of life processes”. 

The use of the gas microcell in microbiology may be illustrated by the fol- 
lowing example. In investigating live B.mycoides we observed how as a result of 
interaction between the cell protoplasts there occurred grouping of the cells 
leading to the formation of large clusters, which are familiar to microbiologists 
(Refs.11 & 12) and have been frequenctly observed by means of a light microscope. 
We were not able to detect any morphological differences between the cells enter- 
ing into the observed interaction; the cells had an entirely normal appearance. 
The tendency to establishment of contact in one of the periods of the life cycle 
of the bacteria varied dependong in the conditions under which they were cultured. 
If the cells were free to move, contact was established when the cells touched 
each other. In this case one could observe that the protoplasts of the contacting 
cells approached each other, moving from the initial central position towards the 
common wall. If free motion of the cells was hindered (by thickening the culture 
medium or partial drying) in the period when the grouping occurs, contact was 
still established either through appreciable elongation of the contacting cells 
or by means of a filiform cytoplasmic formation, starting from the protoplast of 
one cell and growing in length in the direction of the other cell until it reach- 
es its protoplast (Fig.5,a & b). At the point of contact of the filament with 
the protoplast there forms a fusiform swelling. The diameter of the cytoplastmic 
formation is the same over the entire length between the cells, but then abruptly 
changes at the cell wall. The length of the connecting filaments attains 20 » in 


j individual cases; the diameter of the filaments varies from 0.04 to 0.1 wu. Con- 


trol photographs recorded for specimens that had simultaneously gone through all 
the stages except for observation in the initial state in the electron microscope 
(i.e., single exposure) substantiated the results obtained with the gas microcell 
(Fig.5,c): here one can also observe similar filiform cytoplasmic formations con- 
necting the cells as well as the fusiform swellings in the cells at the point of 
contact. Moreover, in the control photograph there is discernible the end of one 
of the cytoplasmic formations. This has a very pointed tip; the size of the fili- 
form formation is at the limit of resolution. Hence it may be assumed that there 
*The sulfuric acid fog was studied in collaboration with M.E,Kuperman and 

T.A.Nekrasova. 
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Fig.5. Micrograms of live B.mycoides cells, 48 hour culture: a) section of the 
specimen in the initial state, b) same specimen after 1.5 hours in the culture 
medium, c) control experiment cells after 40 min in the culture medium. 5000 X. 


is an even finer section at the tip of the filament, since there is a degree of 
lightening observable in the direction of continuation: the invisible tip has ap- 
parently pushed aside the broth particles that settled on the film. 
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The results obtained show that the observed effect cannot be regarded as a 
purely mechanical process, as is inferred by some authors. Thus the formation of 
the fusiform swelling at the point of contact of the filament with the cell may 
be taken as an indication of reaction of the cell to the irritation produced in 
it by the substance of the other cells. Hence the phenomenon must be regarded as 
a physiological process. The fact that the contact is selective in character 
gives reason to infer that this selectivity may be attributed to heterosexuality 
of the contacting cells and that the filiform cytoplasmic formations realize the 
transfer of chromosome material from a cell of one sex to a cell of the opposite 
sex. 

Thus the gas microchamber procedure allows of expanding the region of appli- 
cation of the electron microscope particularly in the direction of investigation 
of live cells. It must be emphasized that the potentialities of this procedure 
have not been fully explored as yet. Our aim in the future is to investigate 
radiation damage in various specimens as a result of electron bombardment, to 
find means of protecting sepcimens against the influence of ionizing radiation 


and of increasing their stability and resistance, and to improve the design of 
the electron microscope itself. 
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THE UIT-3 UNIT FOR ETCHING METALS, SEMICONDUCTORS AND DIELECTRICS BY 
ION BOMBARDMENT 
- G.V.Spivak, F.F.Kushnir & V.E. Yurasova 


In this report we describe a new improved model of a unit for etching metals 
semiconductors and dielectrics by ion pombardment. The original models of the 
unit - designated UIT-1 and UIT-2 - have been described in Refs.1 and 2. 

The new unit - designated UIT-3 - has provision for the following operations 
1) heating of the specimen up to 1200°, 2) cooling of the specimen by circulating 
water in the process of etching, 3) observation of the surface of the specimen in 
the process of etching or evaporation by means of a metallographic microscope, 4) 
compression or elongation of the specimen during ionic etching or evaporation, an 
5) deposition of silica or metal films (replicas) immediately after ionic etching 

We also give some examples illustrating the application of the ion bombard- 
ment procedure for bringing out the boundaries of grains and the submicroscopic 
structure inside them, obtaining oriented figures indicative of the crystal sym- 
metry and detection of the points of emergence of dislocations. 

Ionic etching is a convenient method of bringing out the structure of sub- 
stancesl-4 and has a number of advantages over the methods of chemical etching 
and vacuum evaporation. In the case of ionic etching the surface of the metal 
is not covered by an oxide film as occurs in the case of chemical etching. Hence 
one can readily obtain good surface replicas for electron microscopy. 

One of the important advantages of the ion bombardment procedure is the pos- 
sibility of investigating structure in a wide temperature range. Of greatest in- 
terest is ionic etching at temperatures ranging from room temperature to 0.6 the 
melting temperature, when neither chemical etclk 
ing nor thermal evaporation under vacuum can be 
employed. 

It is desirable to have the possibility of 
observing the surface of the specimen in the 
process of etching in the indicated temperature 
range. Through such observation, for example, 
one can follow the dynamics of transformation 
in alloys and obtain information on the struc- 
ture of the specimen and the changes occurring 
therein at the etching temperature. 

For the purpose of investigating the sur- 
face structure of different substances under 
conditions analogous to those encountered in 
operation, ionic etching can be combined with 
mechanical deformation (elongation or compres- 
sion). As noted above, the UIT-3 ionic etchin; 
unit has provision for exposing the specimen t 
various external factors in the process of etc] 
ing. ; 
A photograph of the unit is reproduced in 
Fig.l. The principal assemblies and component: 
of the UIT-3 are a vacuum system, a power sup- 
ply, a control panel, a device for stretching 
Bas or compressing the specimens, a metallographic 

Li alibi iisaatth |: SRM] microscope, and equipment for ionic etching an 
heating of the specimens. 
Fig.1. UIT-3 ionic etching unit. The vacuum system of the UIT-3 unit is 
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Fig.2. Diagram of the UIT-3 unit: 1) MFN-2 microphotographic attachment, 2) MVT 


| metallographic microscope, 3) movable cup with a quartz window, 4) protective 


shield, 5) working chamber, 6) ceramic shield for specimen, 7) specimen with ther- 
-mocouple, 8) specimen holder with insulator, 9) rod for stressing the specimen, 
10) VN-461 fore pump, 11) TsVL-100 oil diffusion pump, 12) vacuum limiter, 13) LT- 
2 vacuum gage tube, 14) tank with inert gas, 15) reducing valve, 16) gas valve, 
17) needle valve, 18) cooling contacts for specimen, 19) cooling of quartz window. 


similar to the system employed in the original UIT-1 model. 
pump and a TxVL-100 oil diffusion pump can provide a vacuum down to lel 
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in the working space. Flexible control of the vacuum is provided by a system of 
valves and a vacuum distributor. Etching is best realized at a pressure of 1°10 
-1:10-2 mm Hg in a current of inert gas or air. The necessary pressure in the 
vacuum chamber is maintained by controlling the inflow of inert gas and regulatin 
the pumping. The inert gas, which is stored in a steel tank at a pressure of 100 
atm, is admitted through a reducer and a needle valve. 

The electric system of the unit comprises the following components: 1) a 10 
kv, 50 ma high voltage rectifier, 2) a filament transformer (7 v, 250 amp) with 
switches to supply the voltage either to the specimen for heating or to the vapor 
izer, 3) a platinum-platinorhodium or chromel-alumel thermocouple connected to a 
suitably calibrated millivoltmeter, 4) a pump starting and control system and 
gages for monitoring the vacuum, and 5) a system of interlocks and release valves 
to insure the safety of the operator and equipment. 

The arrangement of the ionic etching apparatus is diagramed in Fig. 2.9 ¢tae 
specimen, if not subjected to stress, may be of arbitrary shape. It is desirable 
that the maximum size of the specimen not exceed 30 x 30 x 8mm. If the specimen 
must be heated up to 1200° during etching, its size should not exceed 20 x 20 x 2 
mm. Specimens with a maximum cross section of 20 mm2 and a length of up to 60 mm 
can be subjected to a tensile or compressive loads of up to 400 kg in the process 
of etching. 

For normal etching the specimen is mounted in the steel working chamber whic 
is made in two parts. The upper removable part of the chamber has a viewing wind 
for observing the process of etching. When microscopic observation of the specin 
surface is desired the upper part of the chamber is replaced by a special attach- 
ment which incorporates a metallographic microscope with a long focus objective 
(f = 15-16 m; magnification up to 300 X). 

The main difference between the present attachment and those used in earlier 
models of the unit is that the viewing quartz window is movable: the distance of 
the window from the surface of the specimen can be varied from 10 to 60 mm. Dur- 
ing ionic etching or deposition of films by evaporation the viewing window is 
raised by means of a special mechanism controlled from the outside. At the same 
time the window is automatically covered by a shutter which simultaneously serves 
as the anode in the process of sputtering (the specimen is the cathode). 


ae oe eee: 


Fig.3. Steel surface subjected to ion bombardment (carbon replica). 10 000 xX. 
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Fig.4. Dislocation chains on surface of cadmium (a) and germanium (b) brought out 
by ionic etching. Photograph b was obtained by I.G.Sirotenko. 


Lead-ins are provided in the bottom of the working chamber for high and low 
voltage to the specimen and for the leads to the thermocouple. The leads are 
brought in through a porcelain plug sealed with a rubber gasket. The lead-ins 

and base of the chamber are protected by ceramic. 

The device for loading the specimen is built into the walls of the chamber; 

the loading is realized by means of two steel rods insulated from the high volt- 
age. One rod is fixed; the other goes out through a rubber diaphragm and is 
linked to a lever that can be loaded with weights. (We have also developed a 

pneumatic loading device.) 

Specimens not subjected to mechanical stress are heated by means of a molyb- 
denum spiral. Specimens subjected to loads can be heated up to 1200° by passing 
a suitable current directly through the specimen (the contacts are water cooled). 

For accelerated etching and also for etching at room temperature the specimen can 
be mounted in a special water cooled copper holder. Use of this cooling arrange- 

ment makes it possible to carry out ionic etching at high current densities (up 

to 15 ma/cm2) without danger of fusing the surface. Etching under the forced 
cooling conditions greatly reduces the time necessary for bringing out the sur- 
face structure of metals. 

As noted above, immediately after ionic etching one can deposit a silica, 

metal or carbon film on the surface of the specimen; this replica can then be ex- 

amined in an electron microscope. By way of illustration in Fig.3 we reproduce 

a micrograph of a carbon replica from an ion etched steel surface. It will be 

geen that as a result of ion bombardment there have been clearly brought out the 

grain boundaries and the submicroscopic relief inside the grain. 

Under the influence of ionic etching there may form on the faces of single 

erystals etch pits with the symmetry of the given face. In the process of cath- 

ode sputtering there form on the crystal surface oriented figures with a symmetry 

. corresponding to the face on which they are located; this can be utilized for de- 

termining the Miller indices of the crystal faces. 
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The potentialities of the ionic etching technique are also eames 
the photographs reproduced in Fig.4: micrograph a shows a branch’ ne chain o F is- 
locations on a cadmium crystal; micrograph b shows Suton nae hte out by 
ioni i _ i ingle crystal. 
jonic etching on a small-angle face of a germanium Ss } 

The use of ionic etching for bringing out dislocations appears highly promis 
ing; this technique should be particularly useful in the case of heated specimens 


when chemical etching is impossible. 


Physics Faculty, 
Moscow State University 
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MAGNETIC OBJECTIVE LENS FOR AN EMISSION ELECTRON MICROSCOPE 
- A.M.Rozenfel'd & P.V. Zaitsev 


The results of experimental studies! carried out a few years ago, led us to 
the conclusion that further improvement of the resolution of the EEM-50 emission 
microscope could be attained by replacing the electrostatic objective, used as 
the first magnification stage in this microscope, by a magnetic lens. Subsequent 
ly, Fert & Simon? working independently came to a similar conclusion and develope 
a magnetic objective for a microscope used for investigating secondary emitters. 
Below we describe the design and some of the characteristics of the magnetic ob- 
jective which was developed for use in the EEM-50 emission microscope for invest: 
gating thermionic and secondary emitters. 


Design of the Magnetic Objective 


The magnetic objective lens is diagramed in the accompanying figure. This 
lens consists of an iron housing 1, with a ring 2 of nonmagnetic material, a win 
ing 3 and a holder 4 with a conical end for receiving the pole piece with the an 
ode aperture 5. The holder 4 also serves as the mount for the mechanism 6 for — 
displacement of the diaphragm (aperture) 7, both along the axis of the lens and 
in the plane normal to it. This diaphragm divides the internal volume of the mi 
croscope into two parts, in one of which (including the specimen chamber) there 
is maintained a relatively high vacuum (10-6 mm Hg). In addition, under certain 
conditions, mainly in studying secondary emitters, the diaphragm can help enhanc 
the resolution of the objective. 

The magnetic objective lens is connected directly with the specimen chamber 
inside which is located the stage 8 with a mechanism for displacing the specimen 
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9 in the plane perpendicular to the beam axis (in two mutually perpendicular di- 
rections). The specimen 9 is mounted on the current-carrying rods 10 of holder 
11, which by means of insulator 12 is insulated from the grounded components oh 
the stage mechanism. The high voltage and the voltage for supplying the speci- 
men heater are brought in through the high-voltage insulator 13, mounted on the 
cover 14 of the specimen chamber. This insulator is equipped with sliding spring 
contacts 15, which insure good electrical contact with the current-carrying rods 
of holder 11 in all positions of the specimen stage. For interchange of speci- 
mens one must open the upper part of the chamber, which swings on the hinge 16, 
and pull the specimen holder 11 out of the insulator. 

The specimen chamber has a flange mounted port, which serves for attaching 
an ion or electron source in cases when it is desired to use the microscope for 
investigating bulky secondary emitters. 

The vacuum in the specimen chamber is measured by means of an ionization 
gage, the sensing element of which communicates directly with the inside of the 
chamber. 


Parameters and Properties of the Objective Lens 


The above described magnetic objective lens was installed and tested as the 
first stage of magnification in an EEM-50 electron microscope. 

It was established that if certain conditions are satisfied, in particular 
if the vacuum in the specimen chamber is of the order of 107-6 mm Hg and the shape 
and state of the surface of the cathode (i.e., specimen) generally meet the re- 
quirements set for the shape and state of the surface of high-voltage electrodes, 
then with a separation of 2-2.5 mm between the cathode and anode one can operate 
with an accelerating potential as high as 40 kv. In this case the field gradient 
at the cathode is of the order of 160 000 v/em, i.e., has a value at which theo- 
retically there may be attained a resolution of 100 A. The attainable resolution 
in practice is better than 500 A; it may therefore be asserted that the resolutic 
of the magnetic objective is better than the resolution attainable with the norme 
electrostatic objective lens. 

On the basis of the test results one can identify the causes that stand in 
the way of attaining in practice the maximum theoretical resolution (100 A). 

1. The first cause is inadequate stability of the accelerating potential 
source and certain shortcomings in the system regulating the excitation current. 
These difficulties are not a matter of principle and can undoubtedly be overcome 
by improving the design of the circuit components. 

2. The second cause is distortion of the image due to edge effects and non- 
coaxiality of the cathode section and the magnetic lens. Tests show that the 
quality of the image produced by the magnetic objective changes substantially, 
depending on the position of the cathode (specimen) relative to the lens. The 
quality of the image is best when the axis of symmetry of the cathode is aligned 
with the axis of the lens. An objective criterion for coaxiality is no change 
in the position of the image on the screen with changes in the excitation curren 
in the lens winding (focusing). 

Thus in working with the given magnetic objective we encounter a difficulty 
of principle, i.e., a difficulty inherent in the design of the lens: in practice 
one can obtain a high quality image only of a small area of the specimen. This 
area corresponds to the position of the specimen stage for which the axis of sym 
metry of the cathode section coincides with the lens axis. Any displacement of 
the stage for the purpose of examining other areas of the specimen is accompanie 
by disturbance of the coaxiality and, consequently, impairment of the image qual 
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Further studies are necessary to determine how and to what extent this difficulty 
can be obviated. 

3. The third cause is different types of roughnesses and unevennesses of the 
specimen surface, which give rise to so-called microlenses that distort the topo- 
graphy of the electric field between the cathode and the anode and impair the reso- 
lution of the objective lens. Such unevennesses and microfields are inherent in 
the emission procedure in general and are always present regardless of the type of 


optics used for imaging the surface being investigated in an emission electron 
microscope. 
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INVESTIGATION OF THE MAGNETIC CIRCUITS OF ELECTRON MICROSCOPE LENSES 
- P.A.Stoyanov & L.Yu.Vol'fson 


Adjustment of electron microscopes is complicated by the presence of asym- 
metrical stray magnetic fields in the column of the instrument. The asymmetry of 
the stray fields may be due to inhomogeneity of the magnetic material, particular 
ly, to the presence of cracks; it may also be caused by nonsymmetrical arrangemen 
of the various magnetic components, such as permalloy shields, iron parts of the 
specimen stage, etc. A significant role is also played by nonsymmetrical locatio 
of holes in the magnetic fittings and nonuniform clearances between mating parts 
(pole pieces, flanges, housing, etc.). 

There are two ways in which the effect of stray fields on the electron tra- 
jectories can be minimized. These are 1) symmetrical arrangement of the ferro- 
magnetic parts, symmetrical location of all holes therein and careful finishing 
of all the contacting surfaces, as well as the use of magnetic materials that are 
as homogeneous as possible, and 2) reduction of the stray fields per se. One of 
the factors giving rise to stray fields is the drop of the magnetic potential 
along the magnetic circuit. The magnitude of this drop depends on the geometry 
of the magnetic circuit and the properties of the material employed. The usual 
material used at present for magnetic circuits is pure iron which after annealing 
commonly at a temperature of 900-950°,, has a maximum permeability of 3000-3500 
gauss/oe and a coercive force 1.3 oe. Use of a material with a greater permea- 
bility should make it possible to weaken the stray fields. 


S 


Fig.2. Equipotential surfaces of the stray fields 
and the magnetic potential drop along the shell of 


Fig.l. Drop of magnetic the lens with a circuit of annealed iron at differ- 
potential (in ampere- ent values of the magnetomotive force: a) 2000, b) 
turns) along the shell 4000 and c) 6000 ampere-turns. 

(cladding) of the lens 

circuit of nonannealed The purpose of the present work was to evaluate M 
iron at different values permalloy 79NM as a potential material for magnetic ci: 
of the magnetomotive cuits. Mo-permalloy has a maximum permeability of 
force (2000, 4000 and 100 000 to 200 000 gauss/oe for large cross sections. 
6000 ampere-turns). We constructed and tested three objective lenses for 


the UEMV~-100 microscope; these had magnetic circuits 0 
Mo-permalloy, annealed iron and nonannealed iron. The relatively low saturation 
magnetic inductance of Mo-permalloy (7500-8000 gauss) required a somewhat larger 
cross section of the magnetic circuit components than in the case of iron. The 
Mo-permalloy circuit was designed so that the flux density would not exceed 5000 
gauss at a magnetomotive force of 5000 ampere-turns. 


In view of the high sensitivity of permalloy to mechanical stresses, parti- 
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cular attention was given to annealing in order to eliminate the effects of stres- 
ses arising as a result of machining. The effect of each mechanical operation on 
the properties of the permalloy was determined by tests. We settled on a two- 
stage annealing process. The components, machined with a suitable allowance, were 
first annealed at 1100° and then again, after final machining, at 900°. This pro- 
cedure resulted in optimum magnetic properties and minimized warping of the compo- 
nents as a result of annealing to relieve residual stresses. Nevertheless it must 
be noted that appreciable forces were applied to the lens components in the pro- 
cess of assembly which, according to tests, led to some deterioration of the mag- 
netic properties. 

The drop of magnetic potential along the circuits was studied by means of 
the ballistic method, using a highly sensitive magnetic potential meter (Rogovskii 
belt). The magnetic potential was measured at various points along the magnetic 
circuit as well as in the space surrounding the lens. The magnetic potential at 
points on the periphery of the shell in the central plane of the lens was taken 
as zero. The measurements were made at values of the magnetomotive force equal 
to 2000, 4000 and 6000 ampere-turns, and in the case of the permalloy component 
lenses also at 5000 ampere-turns. Since it has been shown that the stray fields 
in magnetic lenses made of iron depend on the magnetic history of the components, 
all the test lenses were magnetized with a magnetomotive force of 6000 ampere- 
turns prior to measurement. This created conditions close to those prevailing 
during normal operation. 

Fig.1 shows the potential drop along the shell of the lens with a magnetic 
circuit of nonannealed iron. Three values of potential are given for each point: 
the figures in solid circles are for 2000 ampere-turns, those in dashed circles 
are for 4000 ampere-turns and those not circled are for 6000 ampere-turns. It 
will be seen that the dependence of the magnetic potential drop on ampere-turns 
is almost linear. 

The results for the lens with magnetic circuit components of annealed iron 
are shown in Fig.2. Here, in addition to the potential drop along the magnetic 
circuit, we show the shape of the equipotential surfaces in ie space surrounding 
the lens. Comparison of these data with those for the lens with nonannealed iron 
components shows that annealing has no effect on the potential drop in the magnet- 
ic circuit and, consequently, on the magnitude of the stray fields. In fact, the 
potential drop in the nonannealed iron circuit is somewhat lower than in the an- 
nealed iron one, which may be explained by the appreciable scatter in the proper- 
ti material. 

a. Ect interesting results were obtained in the case of the patina 
‘component lens (Fig.3). The potential drop along the magnetic Mee ciacane pees 
‘ampere-turns (solid circles), 4000 ampere-turns (dashed circles) an : : ee 
turns (dash-dot circles) is very small. At 2000 ampere-turns the va ae Aes 
potentials are at the threshold of sensitivity of the potential eae: ae 
ampere-turns the total potential difference is of the same order of magni Won 
NR wie 8 nts tton_ omit 2000 sapere ae ne 
‘increase of the magnetomotive force to Pee a ny aearaaeete 
‘radically. The drop of potential in this case is seer ate hae Foo Steen ites 
‘lenses with iron components at the same value of the magne ie Ga aed Aaa 
is due to the fact that in this range the permalloy ee sae EN ptt yee 
phould: be eg Be eg cee Sessa seme ceaah as noted above, 
ing normal operation usually does not exceed 5000 amp me ergo ee 

; i ic circuit was based on this value. Ae y 
Mrs. iste tect the design calculations were basically correct. 
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Fig.3. Drop of magnetic po~ 
tential along the lens shell 
for the Mo-permalloy circuit 
at different values of the 
magnetomotive force: 2000, 
4000, 5000 and 6000 ampere- 
turns. 


000 3000 4000 5000 
Ampere—turns 
Fig.4. Variation of the . 
focal length with the mag- 
netomotive force for the 
permalloy component lens. 
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The lens with the permalloy components was 
tested in the microscope. We determined the vari 
ation of the focal length with the magnetomotive 
force (Fig.4). With increase in the number of 
ampere-turns, the focal length decreases monotoni 
cally; it does not, however, go through a minimum 
in the test range of ampere-turn values. This 
agrees with the results described above, and at- 
tests to the possibility of using lenses with 
permalloy circuit components at high values of 
magnetomotive force. 

Another advantage of the lens with permalloy 
circuit components was brought out during the 
tests in the microscope: because of the small co- 
ercive force (0.015 oe) and, consequently, the 
narrow hysteresis loop of permalloy, the optical 
characteristics of the lens are determined almost 
uniquely by the strength of the magnetizing cur- 
rent. 

Thus the use of Mo-permalloy for the magneti 
circuit components of objective lenses has the 
following advantages: 1) a considerable reductior 
of the stray fields and 2) a virtually single- 
valued dependence of the optical properties of 
the lens on the magnetizing current. 
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MODERNIZATION OF THE UEM-100 ELECTRON MICROSCOPE 
- G.V.Der-Shvarts, Yu.M.Kushnir, L.B.Rozenfel'd, P.V.Zaitsev & S.V.Bezlepkin 


The UEM-100 microscope was in production from 1952 to 1957; during this peri- 
od over 60 instruments were built and sold. Many users note that the UEM-100 elec- 
tron microscope is very dependable in service and simple to maintain. 

According to the classification established by Kushnir! and Vertsner2, this 
instrument is a Class III microscope. Borovyagin & Kuptsov3, however, showed that 
by making certain modifications which can be realized in any well equipped labora- 
tory, the resolution of the instrument can be increased to 15-20 A, 
words, the microscope can be converted to a Class II instrument. 


A number of users of the UEM-100 microscope, 
mainly metallurgists, have expressed a desire to 
see this instrument adapted for microdiffraction 
studies. 

This can be done by introducing an inter- 
mediate lens (Fig.1), which should be located 
in the tube of the objective lens. The shell 
and leads of the intermediate lens are provided 
with seals so that the vacuum in the instrument 
column is not disturbed by the intermediate lens. 
The dimensions of the lens must be small in view 
of the limited space available in the objective 
tube. This lens is installed on the flange of 
a stage mounted on the pole piece holder of the 

Fig.1. Intermediate lens. projector lens. The intermediate lens is center- 

ed by means of three knobs on screw shafts 
brought out through the objective tube through suitable rubber seals. Since this 
lens operates only for demagnification, the necessary magnetomotive force is rela- 
tively small (maximum 1000 ampere-turns). The lens is supplied from a 12 volt bat- 
tery (for example, two 6ST-128 cells). A special cat's eye type selector aperture 
ais built into a special cover which replaces the standard cover of the objective 
lens tube. The selector aperture can be displaced in the plane perpendicular to 
the optical axis by a special mechanism located on the cover. In addition, the 
aperture can be tilted relative to the axis. This tilting changes the size of 
the triangular opening in the selector aperture. Its edges are so wide that they 
overlap the opening of the lens bore. Hence there is no need for an additional 
background suppressing aperture in the intermediate lens. 

An intermediate lens and selector aperture of the above-described design were 
installed in a UEM-100 microscope and tested extensively by investigating pyroly- 
tic carbon films (by M.L. Petrova). 

Fig.4 is a micrograph of a section of an antimony film defined by the tri- 
angular selector aperture; Fig.5 is an electron diffraction pattern recorded from 
this section. 
| In addition to the intermediate lens and selector aperture, it is desirable 
to build into the UEM-100 microscope a mechanism for adjusting the illuminating 
(gun) aperture. A diagram of this mechanism is shown in Fig.6. The illuminating 
aperture is adjusted by means of two knobs that are brought out on the housing of 
the condenser lens above its winding. The return springs of the mechanism are 
mounted inside the anode housing. 
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Fig.4. Section of 
an antimony film 
isolated by the 
selector aperture. 


Fig.5. Electron dif- 

fraction pattern from 

the section of the 

antimony film shown 
in Fig.4. 
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Section AA 


Fig.6. Illuminating aperture adjustment mechanism. 
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, ELECTRON-OPTICAL MEASUREMENTS OF ELECTRIC AND MAGNETIC MICROFIELDS ON SURFACES 
- N.N.Sedov, G.V.Spivak & N.F.Isaeva 


In the present work we carried out experimental investigations of the rela- 
tionship between the magnitude of the local microfield on the surface of an elec- 
tron emitter and the contrast of the picture in the image plane in an emission 
electron microscope. Knowing this relationship, in addition to observing the elec- 
tric and magnetic microfields on the surface of an emitter, one can be means of 
an emission electron-optical system determine the intensity of the local micro- 
fields. 

In earlier contributions!74 we showed that in utilizing secondary and photo- 
emission and also an electron mirror in emission and quasiemission systems, one 
can observe surface electric and magnetic microfields. We note that the "dark 
field" electron-optical procedure allows of observing and measuring the microfields 
only at the edges of the specimen and not over its entire surface.° 

By means of a secondary emission attachment to the EEM-75 emission electron 
microscope we investigated the structure and topography of efficient thermionic 
cathodes. The use of the secondary attachment gave two advantages as compared 
with the case of utilizing only thermionic emission. First, the contrast of the 
secondary emission picture owing to local variation of the secondary emission co- 
efficient yields valuable information on the structure of the specimen” second, 
the temperature range of investigation is greatly expanded. As a result of such 
observations there can be established a correlation between the structure of the 
thermionic emitter and its emission.© Similar inferences can be drawn on the 
basis of combined observation of photo and thermionic emission in the same emis- 
sion microscope. 3 

The possibility of observing microfields is due to the interaction with them 
of the slow electrons emerging from or reflected from the surface. Even in the 
range of relatively small magnifications the electron-optical procedure for re- 
cording and measuring microfields has a distinct advantage over the methods of an 

induction coil or a bismuth wire (for magnetic fields) , inasmuch as the dimensions 
of these sensing elements can be reduced only to a certain extent, so that they 
are incapable of distinguishing fine details. 

A distinctive feature of observation of microfields in an emission or quasi- 
emission system is the fact that the focal plane for them does not coincide with 
the geometric surface of the cathode.! This is understandable if we consider the 
mechanism of formation of contrast under the influence of local microfields. The 
initial density distribution of the electrons from the emitting surface changes 
with increasing distance from the cathode surface. At a certain distance from ; 
the cathode the contrast, owing to the effect of the microfields, attains a maxi- 
mum, and then falls off owing to blurring because of increase of the electron 
ahr teehee cathode surface is smooth, there can be distinguished two focusing 
planes: the plane of the geometric surface and the plane of the microfields, cor- 
responding to maximum contrast of the image. In the case of a rough cathode, it 
is difficult to speak of precise focusing of the image of the surface, i.e., no 

*The contrast of the thermionic picture is determined by the value of the 
work function at the given point and its surroundings (patch fields) ; the work 
function has a lesser effect on the magnitude of the secondary emission when a 
lesser role is played by the thin surface layer, and the contrast of the second- 
ary emission picture is determined to an appreciable extent by the structure of 


the substrate. 
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single focusing position gives the true distribution of 
the emission from the cathode surface. 


ams) rie te Thus it may be asserted that in general for complete 
2 interpretation of the image one must obtain and study not 
SKK KOS only the sharpest focus image put a series of images cor- 

CX S responding to displacement of the focal plane within a 
‘ certain range A near the surface of the specimen (Fig.l). 
Fig.l In other words, in studying the state of the surface’ 


of a specimen in an electron microscope, one must obtain 
not some one image but a set of images in different planes near the surface of thi 
specimen. In general the image is affected by the following factors: the micro- 
geometry of the cathode, the emission distribution over the surface, patch fields 
magnetic microfields and the microlenses formed by space charges. In general, 
therefore, interpretation of the image, i.e., separation of the effects of all 
these factors, is very complicated. The problem is simplified, however, if some 
of these factors are absent or negligible. 


Quantitative evaluation of magnetic microfields 


Let us consider the simple case when the surface of the cathode is smooth, 
the emission is uniform and patch fields are absent. There are present an exter- 
nal (close to the surface) electric field and magnetic microfields. This case 
corresponds to an inhomogeneously magnetized ferromagnet observed using secondary, 
or photoemission.1,2 If it is assumed that the radius of the spiral trajectory 
of an electron in the magnetic field of strength H is much smaller than the dimen 
sions / of the magnetic field inhomogeneities, i.e., 


c 


aV =<i, (1) 


where ¢ is the initial electron energy, it may be assumed that the electrons will 
approximately follow the magnetic lines of force, winding about them. In this 
case simple calculations show that with focusing in the plane of maximum contrast 
one can expect the following relation to obtain for the electron flux densities 


Til 72ST, PH, (2) 


where the indices 1 and 2 pertain to field and electron flux density values over 
different sections of the specimen. This simple relationship can obviously be 
utilized for measuring inhomogeneous magnetic fields of very small size, provided 
the magnetic field over some one section of the specimen is known. 

It is of interest to compare the formation of "magnetic contrast in emissic 
and mirror electron-optical systems. Whereas in the first case under certain col 
ditions (described above) , we can assume for the sake of simplicity that the slo 
electrons will wind about the magnetic lines of force, i.e., that both the norma. 
(Hz) and the radial (H,) components of the field will be effective, in the secon 
case, when the electrons first approach and then move away from the surface of f1 
specimen, only the normal component participates in the formation of the contras 
The effects of the radial component cancel each other over the forward and rever. 
paths of the electrons. | 

By focusing directly on the smooth surface of the cathode one can measure t. 
density of the current from individual sections of the cathode, if one neglects 
the influence of patch fields. As was shown in Ref.3, patch fields produce dis- 
tortion of the equipotential surfaces, and the tangential component of the patch 
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fields affects the contrast of the image (it was assumed that the external field 
is strong and compensates the normal component of the patch fields). The tan- 
gential component of the patch field in the case of a smooth surface will not be 
compensated by the external field; the error involved, however, will be the smal- 
ler, the stronger the external field (rapid convergence of the electron beam). 

The microscope used in the present work was in general similar to that de- 
scribed in Ref.3. This is a combined metal-glass instrument, the vacuum in which 
with good outgassing attained (3-5)°1077 mm Hg. The magnification ranged from 50 
to 500 X. The present instrument differed from that described in Ref.3 by the 
presence of a Faraday cup located at the center of the screen. This enabled us 
to measure the density of the current to the screen. In addition, this instru- 
ment was constructed in several variants to permit observation of photoemission 
and of secondary emission from the surface of the specimen. In the last case, 
instead of the usual illuminating device, the microscope had a branch with an 
electron gun by means of which the specimen could be bombarded with ~100 ev elec- 
trons. Thanks to the incorporation of a heater, it was also feasible to observe 
the thermionic emission picture of appropriate cathodes. 

The possibility of measuring local magnetic fields was checked by observa- 
tion of a number of artificial specimens consisting of alternating magnetic and 
nonmagnetic strips (for example, copper and iron). The end face of these speci- 
mens was polished, and the specimens were magnetized by an external magnetic 
field. 

We compared the magnetic field distribution over the specimen and the densi- 
ty of the current to the screen with focusing on the plane of the magnetic in- 
homogeneities. For measuring the current density over different sections of the 
specimen the image was shifted by means of Helmholtz coils. 

In a number of cases measurements were also made on the basis of the bright- 
ness of the screen, which was determined by means of an FEU-19 photomultiplier 
enclosed in a lightproof housing. This housing had an end opening 1 mm in dia- 
meter, which served to isolate the emission from 
a corresponding section of the cathode. The 
photomultiplier assembly could be shifted to scan 
the screen. 

The results obtained in measuring the bright- 
ness of the screen and from direct measurements of 
the current density to the screen agreed, inasmuch 
as in the range of current densities obtaining in 
the experiments the brightness of the screen was 
proportional to the current density. For control 
purposes, the magnetic field over the specimen was 
also measured by monitoring the resistance of a 
Fig.2. Current density to the thin bismuth wire (50 to 100 mz in diameter). 
screen and the magnetic field This bismuth element was mounted in a fluoroplas- 
intensity over the surface of tic holder and could be moved over the surface of 
a specimen consisting of al- the specimen, insulation being provided by a thin 
ternating strips of iron and layer of plexiglas dissolved in acetone. This 

copper. microfieldmeter was calibrated by means of a coil 
with a known current dependence of the magnetic 


4,10 "amp / on™ H,oe 


field. 
| Typical curves characterizing the variation of the magnetic field over the 


*We take this opportunity to thank student E.Sh.Gasparyan who participated 
in the work. 
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surface of the specimen and the results of measuring the current in the electron 
microscope are shown in Fig.2, from which it will be seen that sections with a 
maximum field value correspond to minimum current densities, and vice versa. The 
measurement results show that relationship (2) holds to within 5-10% (the actual 
accuracy depends on the care with which the experiment is carried out, mainly on 
uniformity of illumination of the specimen). Thus by means of this procedure one! 
can measure with reasonable accuracy microfields of very small area, i.e., Of a 
size that defies measurement by other techniques. 

We also carried out a number of measurements of magnetic fields over arti- 
ficial inhomogeneities of the order of a tenth of a millimeter. At present we 
are using the described procedure for measuring natural magnetic microfields on 


different specimens. 


We also investigated the surface of efficient thermal emitters. The surface 
of oxide-coated cathodes is usually very rough, hence results of measurements of 
the current density from different sections of the cathode do not correspond to 
the actual emission current density. In contrast, compressed nickel-oxide cath- 
odes have a relatively smooth surface. In this case, in the absence of diaphragm 
ing of the beam’, we can with an accuracy to the effect of the tangential compon- 
ent of the patch field determine the distribution in density of the emission cur- 

rent from individual sections of the cathode: 
2 We measured the density of the current 
from individual sections of compressed cathoo 
es in the temperature range from 600 to 800% 
The lower temperature bound was determined by 
the magnitude of the thermionic emission; thy 
upper bound by blurring of the image under 
the influence of space charge. 

On the basis of the temperature depen- 
dences of the current density we constructed! 
Richardson plots for individual microsectioni 
(Fig.3). The values of the work function, 


in[S), amp em-“degrec™ 


9 10 7 sce l determined from the slope of the Richardson 
re lines, lay in the range from 1.9 to 3.1 ev. 
Fig.3. Richardson plots for indi- Most of the emitting patches had a work func’! 

vidual microsections of a com- tion close to the lower value. 
pressed cathode. Knowing the separation between patches 


and the magnitude of the contact difference 
of potentials, determined from the difference between work functions, one can 
evaluate the intensity of the patch fields. Our calculations show that the in- 
tensity is of tke order of several kilovolts per centimeter. 
Thus by means of emission electron-optical systems one can carry out not on 
qualitative observations but also quantitative evaulations of the magnetic and 
electric microfields on different surfaces. 
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PROCEDURE FOR DETERMINING THE WORK FUNCTION OF MICROSECTIONS ON THE 


SURFACE OF THERMIONIC CATHODES 
- A.V.Druzhinin 


Experimental procedure 


The work function distribution over the surface of a thermionic emitter de- 
termines the size and extent of the contact microfields, which have a significant 
influence on the characteristics of the cathode current: the anomalous Schottky 
effect under saturation conditions! , the magnitude of perveance under space charge 
conditions?, and the deficit of slow electrons in the region of initial veloci- 
tiest. Investigation of the work function distribution can also yield valuable 
information on the structure and nature of active centers. 

Some data on the work function distribution can be obtained in investigating 
the integral current from the entire cathode surface as a function of the applied . 
voltage under conditions of saturation or initial velocities. However, one can- 
not always draw unambiguous inferences from the results of such experiments. For 
example, for determining the magnitude of the inhomogeneities from the Schottky 
effect one must a priori know the form of the distribution function. From measure 
ments of retarding potential curves’, also, one cannot obtain the form of the work 
function distribution over the surface and, moreover, the low field intensity at 
the cathode in such measurements precludes determining the entire work function 
spectrun. 

Electron-optical methods of investigation of thermionic cathodes in the case 
of inadequate resolution of the instrument allow only of determining the approxi- 
mate size of the "patches" and their distribution over the surface of the speci- 
men. It is, however, difficult to obtain quantitative data regarding the work 
function of individual patches by means of many electron-optical instruments. For 
example, the electron mirror procedure’, while indicative of the emission distri- 
bution, does not allow of detailed interpretation of the electron-optical picture... 
The method of an electron probe” is unsuitable for the investigation of thermionic: 
cathodes, owing to its low resolution and the necessity of investigating the cath- 
ode under conditions when the thermal emission is low. 

The emission electron microscope is, probably, the most suitable instrument, 
for it provides for both visualization and quantitative measurements. Initially, 
emission images were interpreted quantitatively by photometry of individual sec- 
tions of the micrographs. ® Obviously, this procedure could not yield high accura-: 
cy. More precise investigations were carried out by measuring the currents in the 
plane of the image, which made it possible to determine the contact differences 
of potential at the cathode surface.7,;8 Hitherto, there was no simple procedure 
for determining the absolute value of the work function. Hence, experimenters did 
not have the possibility of correlating microscopic data with the results obtained 
in conventional emission studies. 

Below we show that under conditions of good focusing and small aberrations 
of the emission image, using the values of the local current, the electron-optical 
magnification and the temperature of the cathode, one can unambiguously determine | 
the work function of an isolated section of the surface, 

Let us consider the trajectories of the electrons emitted by an element of 
the cathode located close to the optical axis of the emission microscope. As is 
known, the electron trajectories close to the cathode in an immersion objective 
lens have the form of elongated parabolas. The maximum diameter of the beam under 
the usual conditions does not exceed 20 microns; consequently, if there is no lim- 
iting diaphragm, all the electrons emitted by the central section are collected 
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without loss in the plane of the image of the immersion objective. The angle B 
of divergence of the electron beam can be calculated by the Abbe formula, the 
validity of which for an immersion objective was demonstrated by Artsimovich?: 


{ 
Ne: 


a 


where Nis the magnification of the immersion objective, UU, is the anode voltage 
é is the electron velocity, and a is the angle of the electron trajectory rela- 
tive to the axis at the cathode. 

; Setting V= 30, U,= 25-103 vy, © = 0.1 ev and a = 90°, we obtain B = 61075, 
With so small a divergence angle all the electrons will pass without loss through 
the projector lens of the microscope. For example, with a field of view of 50 mm 
and magnification of the projector lens equal to 50 X, the exit pupil of the pro- 
jector lens will be 1 mm, which greatly exceeds the width of the beam in any ordi- 
nary instrument. Thus all the electrons emitted from the central section of the 
cathode will be collected in the plane of the image. 

Measurement of the current from an element of the image is most easily realiz- 
ed by locating the electron collector behind an opening made in the center of the 
microscope screen. In this case the measured current is emitted by a section of 
the cathode, the area of which is determined by the diameter of the opening in 
the screen and the magnification of the microscope. From the calculated current 
density one can readily find the isothermal work function )7 of the corresponding 
section of the cathode, assuming that the emitted current is described by Richard- 
son's equation 


S 


SiO. —= Sin 


j=A(1—R)T? exp eke yu Al 


It follows from thermodynamic considerations that A is a universal constant 
and does not depend on the type of emitterl0, for pure metals it is usually as- 
sumed that A= 120 amp cm-2 deg-2 and R= 0. The method of determining 9 by means 
of Richardson's formula is now extensively used in investigating patchy emitters. 
However, yp determined from the integral current does not have a clear physical 
meaning; in particular, the temperature coefficient of )p is explained only by re- 
distribution of the currents taken off different patches and not by growth of the 
potential barrier. Calculation of 7 by means of Richardson's formula in the case 
of measurements in an electron microscope is more justified, inasmuch as in this 
case there is investigated a homogeneous section, i.e., a patch. 

The resolution of an emission microscope and, consequently, of the proposed 
procedure is determined mainly by the chromatic aberration of the immersion objec- 
tive p= S/E = 0.05 w for e = 0.1 ev and a field intensity at the cathode surface 
E= 20-103 v/em) and aberration due to distortions of the field in the vicinity of 
the cathode surface. Surface roughnesses can give rise to appreciable distortions 
of the field. Even in the case of an absolutely smooth surface, however, the equi- 
potentials near the cathode will be somewhat warped due to the perturbing influ- 
ence of the patch fiela.11 The influence of the perturbing field on the resolution 
was considered in detail by Bertain!2. True, in the work of Bertain the perturbing 
field was produced by unevennesses of the cathode surface, but this does not affect 
the basic deductions. In order to make use of Bertain's formula, we assume that 
the cathode has active strips of width awith a separation / between them. We as- 
sume further that the work function of the active strips is Ag volts lower than the 
work function of the separating gaps and that the potential in the vacuum in the 
vicinity of the strips is zero. Then the zero equipotential will be located a 
maximum distance Az= Aq/E from the surface of the cathode. It is obvious from 
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physical considerations that the electron trajectories will not change if ne 
cathode surface coincides with the zero equipotential and is uniform as regards — 
work function. For qualitative evaluation of the equipotentials one can approxi- 
mate the surface by a cosine curve of period / and height Az, and thus calculate 
the resolution for a wavy cathode. In this case we will have 


eT, £ AQ. 
V 2 E El 
Inserting «= 0.1 ev, /= 20°103 v/em, | = 4-10-14 cm and Ag = 1 v, we ob- 


tain p= 0.12 4. Thus the aberration due to the patch field will be more than 
twice as great as the chromatic aberration. 


0 “Ay 0 “49 0 


Fig.1. Position of the zero equipotential, measured in an electrolytic 
bath: a=1ly, |= 4p and E= 20°109 v/en. 


Fig.1 shows the position of the zero equipotential determine in an electro- 
lytic bath under the following conditions: a=lu, /=4u, Ap=1v, and = 20 | 
103 v/em. As will be evident from the figure, the sections of the active strip 
located at a distance of 0.1 uw from the edge are blocked by the negative potentia: 
of the patch field. Similar effects of partial blocking and even of complete "ab: 
sorption" of the patches were investigated by Rutkevichl!3, It would appear, ther’ 
fore, that no significant errors will be involved in measurements of the current 
from the central portion of a patch about 1 micron in diameter or more. Measure- 
ments of currents from smaller patches, however, when one cannot neglect edge ef- 
fects,will be less reliable. 

Further enhancement of the resolution of emission microscopes is possible 
only incident to increase of the field strength at the cathode surface, which is 
necessary for reducing the aberrations and for preventing." absorption" of the 
patches. If technical difficulties can be overcome and the field strength at 
the cathode in emission microscopes can be appreciably increased, the maximum re-: 
solving power will be determined by the limitations connected with the Heisenberg! 
uncertainty principle and the potential energy?. For regions of the order of a 
few hundred angstroms the electrochemical potential is no longer a function of 
the state of the given region per se and, consequently, this quantity determines 
the minimum size of the cathode region from which it is meaningful to determine 
the work function. 


Investigation of Thermionic Cathodes 
A. Compressed tungstate cathodes 


Our emission studies of cathodes were carried out in the electrostatic emis- 
sion microscope described in Ref.8 at a vacuum of the order of 5:1077 mm Hg, usin 
a special aperture that limited bombardment of the cathode by residual gas ions. 

The compressed cathodes!4 were made of powdered barium-calcium tungstate 
(9.5% wt.), aluminum (0.5% wt.) and tungsten. It is usually assumed that the 
active substances arrive on the surface of a compressed cathode from fine-scale 
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Fig.2. Emission image of a compressed tungstate cathode (magnification 1800 X): 

a - observation temperature 1100° (after holding at 12809) ; current density from 
active patches 0.45 amp/com? @ = 2.3 ev); current density from sections between 
patches 10-2 amp/cm? (7 = 2.75 ev); b - observation temperature 940° (after hold- 
ing at 12509); current density from active patches 7-10-72 amp/cm2 yp = 2.25 ev); 
current density from sections between patches 1.2°1073 amp/em2 (On = OOn CV ) is 


sections with dimensions of the order of the diameter of the pores or the particles 
of the active mass (in our case about a micron). Our emission microscope studies 
showed, however, that in addition to the fine-scale distribution of the emission 
and work function, there is observed some variation in the average level of emis- 
sion in regions of macroscopic size (of the order of tens of microns). In some 
cases, the macroscopic variation of the emission is connected with the manner of 
preparation of the cathode; for example, near the edge of the compressed cathode 
there is observed a 10-20 micron zone of enhanced thermionic activity. At reduced 
temperatures (900-1000°) the active substances give rise to drop-like formations 
some tens or hundreds of microns in diameter with an actively emitting rim; these 
formations exhibit a distinctive behavior as regards evaporation, ion bombardment, 
etc. The results of these observations of the macroscopic distribution of emission 
will be described elsewhere. Below we consider only the fine-scale distribution 

of the emission and work function in typical regions of the cathode. 

Inasmuch as the quality of the emission image is impaired when heavy currents 
are taken off the cathode, owing to the influence of space charge, the studies were 
carried out at reduced temperatures. Before observation the cathodes were activated 
“at the operating temperature while taking off a pulse current (square pulses of 2 
microsec duration were applied to the focusing electrode of the immersion objective). 

After attainment of a certain level of thermionic activity, the heater voltage was 
reduced and as soon as thermal equilibrium was attained (observation temperature 
940-1100°) the accelerating potential was switched on. The emission of the com- 
“pressed cathodes reached a steady value about 1 minute after attainment of thermal 
equilibrium; during this period the emission fell off by a factor of about 10. 

, Emission images of a compressed cathode are reproduced in Fig.2. The active 
patches @7 = 2.2-2.3 ev) are about 1 micron in diameter. Possibly the work func- 

tion of the active patches is somewhat increased owing to the poisoning effect of 
the residual gases during the period of transition to the reduced, observation tem- 
perature. The sections of the cathode between the active patches are characterized 
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Fig.3. Emission image of an L cathode (magnification 2000 X): a - observation 

temperature 945° (after holding at 1175°); current density from particularly ac- 

tive patches 40 amp/cm? @7 = 0.6 ev); b - observation temperature 11759; current 

density from particularly active patches 0.3 amp/em2 (7 = 2.5 ev); current from 

patches of lower activity 3-10-3 amp/cm? @7 = 3.1 ev); current from sections be- 
tween patches 6-10-4 amp/em? @mp = 3.3 ev). 


by a substantially (40-70 times) weaker emission (M7 = 2.6-2.8 ev). We note that 
on the surface of a compressed cathode there are no sections with a high work fun 
tion, such as are characteristic of the surface of a tungsten cathode with little 
barium filling. Apparently, in the process of preparation of the cathode the sun 
face of the tungsten grains is covered by chemical compounds with a relatively la 
work function. 


B. L cathodes 


The emission image of an active L cathode (emission current density about 20 
amp/em2 at T = 1175°) was investigated at an observation temperature of about 950 
Measurements carried out immediately after attainment of temperature equilibrium 
(Fig.3,a) gave a current density of about 40 amp/cm? from particularly active pat 
ches (tT = 1.6 ev), about 1 amp/cm? from patches of medium activity @y = 2.0 ev) 
and not more than 8°1074 amp/cm2 from the sections between patches (yp 2 2.75 ev)! 
The last value is approximate and only an upper bound inasmuch as the measurement 
were carried out using the most sensitive scale of the electrometric amplifier an 
misleadingly high values may have been recorded owing to scattered electrons from 
patches of high activity. We note that in case of L cathodes we were unable to | 
obtain steady emission after cooling: the emission of the cathode continued to fa 
off and after about 10 minutes the brightness of the screen became inadequate for 
observation of the emission image. Apparently, the decrease in emission is due t 
poisoning of the cathode by residual gas ions. An emission image of a "poisoned" 
cathode could be observed at the operating temperature (Fig. 3,b). With the pas- 
sage of time there occurs some activation of the cathode; however, normal thermioc 
ic activity with the accelerating potential on could not be attained. At the sam 
time, pulse measurements which were carried out some 20 sec after switching on th 
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accelerating potential, showed normal thermionic activity. The rapid restoration 
of the emission upon switching off the accelerating potential is probably due to 
change in the surface concentration of the active substances. Hence in investi- 
gating L cathodes in an electron microscope one must take into account the pos- 
sible changes in distribution of the work function owing to ion bombardment of 
the surface. Despite this one can note a number of respects in which the surface 
of L cathodes differs from that of compressed cathodes: presence of particularly 
active patches with 97 = 1.6 ev, large separation between the active patches, and 
great contrast as regards the emission intensity of different sections of the 
cathode (the range of variation of the current density is as much as 1 to 103). 
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ELECTRON MICROSCOPIC INVESTIGATION OF SEMICONDUCTOR WHISKERS 
- 1.G.Sirotenko, G.V.Spivak, I.G.Stoyanova & Z.N.Osad'ko 


In an earlier contribution! we showed that a system of semiconductor (tung- 
sten oxide or molybdenum oxide) whiskers grown by condensation from the vapor 
phase is capable of yielding a field emission of the order of several tens of 
microamperes. In this case we were dealing with a "brush" consisting of a large 
number of field emitters, so that the loss or destruction of an individual whis- 
ker or two had no significant effect on the integral emission. We felt it would 
be of interest to investigate the shape of the whiskers and of their tips ina 
transmission electron microscope. At first, the whiskers mounted on a carbon sup: 
port were examined in a UEM-100 electron microscope; in this case, however, owing’ 
to deformation of the whiskers, it was difficult to judge of their true shape. 
Hence further investigations of tungsten oxide and molybdenum oxide whiskers were: 
carried out in the experimental model transmission microscope developed by Stoyan; 
ova & Zaitsev? for investigating objects in a gaseous medium. 

The tungsten or molybdenum wire loop with the whiskers grown on it was mount; 
ed in a special specimen chamber designed for electron microscopy and electron 
diffraction studies. We investigated the shape and degree of perfection of the 
surface of the filiform semiconductor crystals, and also the shape of their tips.. 

Electron diffraction studies showed that the tungsten oxide and molybdenum 
oxide whiskers are perfect single crystals. 

There is little published information regarding the cross section and per- 
fection of whiskers grown from the vapor phase. Coleman & Cabrera? found that 
whiskers of cadmium and zinc grown in an inert gas at atmospheric pressure have 
a diameter ranging from 1 to 10 microns and a length of 1-2 mm, and appear smooth 
and straight at magnifications up to 1000 X. 

A micrograph of tungsten oxide whiskers is reproduced! 
in Fig.l. They appear straight and of constant cross sec- 
tion. The tips are flat; the sides are smooth in the case’ 
of whiskers of large diameter. Careful examination shows, 
however, that on the side surfaces of some whiskers there 
appear small protuberances arranged in an orderly manner. 
They are more noticeable in Fig.2, where they appear to 
form a spiral about the whiskers. In Fig.1 on the left 
one can see a twisted whisker, reminiscent of the silver 
whigkers produced by chemical reduction, observed by Bren- 
1 ner’. 
vy A The tungsten oxide whiskers are characterized by an 
’ appreciable scatter both as regards cross section and 
length. Apparently, first, there occurs axial growth up 
Fig.1. Tungsten oxide to a certain length then radial growth begins, leading to 
whiskers. Magnifica- thickening; new growth layers apparently start at the base 

tion 2000 X. The number of molybdenum oxide whiskers growing on a 

unit surface of the base wire is appreciably smaller than 

in the case of tungsten oxide, and the shape of the whiskers is different This 
are may be due to differences in condition of growth. 

g.3 is a micrograph of molybdenum oxide whiskers; 
ies rhe i surfaces. The tip is bounded by vepilpaptineeh ae ee 
ent in Fig.4. Occasionally th 

Sith tation eee aes eee ere are encountered whiskers of conical shape and 

To investigate the field emission, tungsten oxide and molybdenum oxide whis- 
kers grown on a wire loop were mounted in an autoelectronic projector. A prelimi 


‘ 
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rea.2 Fig.3 Fig.4 


Fig. 2. Filiform tungsten oxide crystals. Magnification 7500 X. 
Fig.3. Molybdenum oxide whiskers. Magnification 1500 X. 
Fig.4. Tip of molybdenum oxide whisker. Magnification 7800 X. 


Fig.5. Conical molybdenum 
oxide whisker. 7600 X. 


ary vacuum of 107? mm Hg was 


provided by a forevacuum pump : : 
and a mercury diffusion pump Fig.6. Image of tungsten oxide whiskers 
equipped with vapor traps; obtained in the autoelectronic projector. 


this vacuum was then increased 

by flashing a titanium getter. At a potential of 4-7 kv there appeared on the 
screen of the autoelectronic projector individual luminous spots, corresponding 
to the emission of separate whiskers. With increase of the voltage the picture 
may change, the images of individual whiskers (those if smaller diameter) disap- 
pear, but there appear the images of other whiskers. The whiskers withstand pro- 
longed heating by passage of current through the tungsten or molybdenum loop (red 
heat). As a result of heating of the whiskers, the same emission current is ob- 
served at a higher voltage, but the individual emission images disappear (the en- 
tire screen glows uniformly). Apparently, incident to heating, the tips of the 
whiskers are rounded off and the images of the individual whiskers overlap. 


50 / 


[aie § Vela 
Fig.7. Variation 
of the integral 
field emission 
current as a func- 
tion of the volt- 
age before (1) and 
after (2) ion bom- 
bardment. 


- 750 - 


Frequently there were observed on the projector screen 
images consisting of four separate luminous spots (Fig.6); 
sometimes there was observed slow rotation of the image 90° 
about the central axis; this presumably occured under the 
influence of ion bombardment. However, on the basis of the 
present experiments one cannot assert that the observed im- 
ages really represent the structure of the whiskers. 

In a few cases with increase of the voltage there occur- 
red abrupt rotation of the image with subsequent disappearance 
of the image from the screen. Possibly such rotation is con- 
nected with emission from twisting whiskers; the image may 
disappear because the whisker is pulled off by the field. Ex- 
amination of the whiskers after the field emission experiments 
showed that their tips are sharpened under the influence of 
jon bombardment. Ion bombardment is known to be the princi- 
pal reason for instability of field emission cathodes. 

Krylov & Fedorov® proposed preparation of field emission 
cathodes of fine tungsten wires. In this case ion bombard- 
ment results in gradual shortening of the wires, but the radi- 
us of curvature of the rounded tips remains unchanged. From 
such cathodes there was obtained stable field emission over 
a period of many hours. The stability of the emission cur- 
rent is determined by the micropoints on the emitting tips; 
occ may appear and disappear in the process of ion bombard- 
ment’, 


In view of this one can expect stable emission from whiskers, which are es- 


sentially straight needles of small diameter. 


In order to investigate the effect 


of ion bombardment on the emission properties of whiskers, whiskers grown on wire 
loops were mounted in a tube similar to a Muller projector with an annular anode, 


The tube was evacuated to 1076 


mn Hg, and then filled with neon to 3°1072 mm Hg. 


A glow discharge was initiated between the cathode (the wire loop with the whis- 
kers) and the anode, and ion bombardment was carried on for 15 minutes at V ~ 1 kv 


and i +0.5 ma. 


Then the tube was again evacuated and the variation of the inte- 
gral field emission current as a function of the voltage recorded. 


It was found 


that as a result of ion bombardment the field emission current increases several 


fold and may attain 300 ya (Fig.7). 
after ion bombardment is enhanced. 
of the tube a larger number of four-loop images. 


Moreover, the stability of the field emissior 
At the same time there appeared on the screen 
The conditions under which the 


field emission current from a given whisker specimen remained constant was deter- 
mined experimentally. 


Physics Faculty, 


Moscow State University 
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STRUCTURE AND EMF OF PHOTOVOLTAIC PbS LAYERS PREPARED BY VACUUM SUBLIMATION 
- R.Ya.Berlaga & M.I.Rudenok 


There have been numerous investigations of the formation and structure of 
thin metal layers. As far back as the early 1930s there were advanced hypotheses 
regarding the mechanism of formation and structure of such layers, which were sub- 
sequently substantiated by experiment. The possibility of experimental study of 
thin layers was greatly enhanced by the development of the electron microscope. 

In contrast to the case of thin metal layers, there have been relatively few 
studies of thin semiconductor layers, despite the fact that such layers, produced 
by vacuum evaporation, are extensively employed as photoresistances. Hence there 
is particular interest in investigating the structure of such layers. 

In our earlier work!-5 we prepared photovoltaic layers of lead sulfide, i.e., 
layers in which an electromotive force appears under illumination. These layers 
were prepared by vacuum (10-4 mm Hg) sublimation of lead sulfide onto glass sub- 
strates heated to 240-250°C and were not subjected to any orienting treatment. 

The photo-emf in freshly prepared specimens was very low - of the order of thou- 
sandths of a volt.After heating to 500-600° in air, however, the photo-emf increas- 
ed to several volts. In layers not subjected to heat treatment, the photo-emf did 
not depend on the direction of the incident light beam. Pronounced directional 
dependence of the photo-emf became evident after heat treatment. In the case of 
some layers a photo-emf of opposite polarity appeared as a result of illumination 
of the layer from the deposit side and from the side of the glass substrate. In 
some specimens also the magnitude and polarity of the photo-emf varied with the 
direction of incident of the light flux. Usually we were able to identify an inci- 
dent light direction (direction of inversion) at which the photo-emf was nil; it 
increased, with opposite polarity, with increase of the angle in one sense or the 
other. 

Electron microscopic studies of the photovoltaic layers by means of the meth- 
od of replicas and the method of profile micrographs made it possible to detect 
on the layer surface formations oriented approximately parallel to the molecular 
beam (see Fig.1). 

It is useful to compare the structure of the layers with their photoelectric 
properties, for establishment of a correlation between the structure and photo- 
electric properties should make it feasible to design and prepare photocells for 
various specific technical purposes. 

In our earlier work we investigated the structure of only the surface of the 
layers, whereas, actually, in many cases it was of interest to know what occurs 


inside the layer. 


Fig.l. Crystalline formations 

on the surface of a thin poly- 

crystalline layer of lead sul- 
fide. 
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In the present work we investigated, by mean 
of an EM-3 electron microscope, the cross section 
of a lead sulfide layer approximately 1 micron 
thick, deposited on a glass substrate. Our at- 
tempts to obtain a section of a lead-sulfide ele- 
ment by means of a UMT-2 ultramicrotome were not 
successful. Hence we developed a simpler method | 
of investigating the cross sections of semiconduc 
tor layers. Our procedure was the following: a 
zinc sulfide layer was deposited by vacuum subli- 
mation onto a glass substrate, which was then 
proken (together with the layer). Then there was 
deposited on the broken surface by vacuum evapora 
tion a very thin, transparent (100-200 A) layer a 
aluminum, and on top of this a layer of carbon. 
The carbon film was applied so that it would cove 
both the break and the adjacent surface of the 
layer. Then the aluminum was dissolved in hydro- 
chloric acid, freeing the carbon film, which afte 
careful washing was 
transferred to a spec 
men grid and examined 
in the electron micro 
scope. This procedun 
yields a replica of 
both the cross sectic 
and the adjacent sur- 
face of the layer. 

Typical micro- 
graphs of zinc sulfic 
layers before and af- 
ter heating in air toa 
640° are reproduced i 
Figs.2 and 3. 


Fig.2. Micrograph of the Fig.3. Micrograph of the sur- On the basis of 
surface and break cross face and cross section of a examination of numerc 
section of a polycrystal- polycrystalline lead sulfide micrographs it may be 
line lead sulfide layer layer after heating in air to concluded that the 


before heating. 


640°. cross section of lay- 
ers, like their surfa4 


consists of crystalline formations, the direction of growth in which generally 
agrees with the direction of the molecular beam; with increase of temperature the 
formations become more distinct and coarse. 

At present we are investigating the position of the inversion lines as a fun 
tion of the direction of the crystalline formations. The preliminary results inc 
cate that there is a definite relation between the inversion lines and the direc- 
tion of the crystalline formations composing the layer. 
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ELECTRON MICROSCOPIC OBSERVATION OF MAGNETIC MICROFIELDS BY MEANS OF REPLICAS 
- L.V.Lazareva & G.V.Spivak 


In the present report we describe an electron microscopic procedure by means 
of which one can correlate the surface geometry of a ferromagnet with its micro- 
magnetic structure. The procedure is based on the fact that the replica is made 
directly from the specimen, rather than from a coating of magnetic powder spread 
over its surface. 

Usually investigation of magnetic microstructure by means of an electron 
microscope is restricted to observation of replicas made of powder patterns on 
the surface of the ferromagnetl or to direct observation of the magnetic struc- 
ture of thin ferromagnetic films transparent to electrons”. 

The proposed procedure has the following distinctive features: 1) the replica 
made directly from the specimen does not depend on the magnetic and geometric 
characteristics of the powder and, consequently, makes it possible to use appreci- 
ably higher magnifications and obtain better resolution, and 2) the procedure al- 
lows of concurrent investigation of the magnetic properties and the microgeometry 
of the material. 

The microgeometry of specimens was investigated by means of carbon and silica 
replicas in a transmission electron microscope. At the same time, using the powder 
pattern technique, we studied the magnetic structure corresponding to each state 
of the specimen (annealed, mechanically or electrolytically polished, stressed). 
In all cases there was observed a correspondence between the microgeometry and the 
magnetic structure. 

The analogous relation between the microtopography and the distribution of 
electric inhomogeneities was utilized earlier for observing the domain structure 
of ferroelectrics. In this case verification of the fact that there is actually 
observed the domain structure is furnished by chemical etching, which occurs pre- 
ferentially at the points of electric inhomogeneities and domain walls.4 

The usual methods of bringing out the micromagnetic and regular domain struc- 
ture of ferromagnets may be classified as direct or indirect. Direct methods in- 
clude optical methods (for example, the procedure utilizing the magneto-optical 
Kerr effect?) and electron-optical methods (procedures utilizing the shadow tech- 
nique®, secondary electron emission, the photoeffect, the electron mirror tech- 
nique’, thin films Er aae vaxeut to electrons2, etc.). Indirect methods are the 
powder pattern technique? and electron microscopic methods that generally involve 
making replicas either from powder patterns or directly from the surface of the 
specimen. ; 

For the present investigation we chose textured (grain-oriented) silicon 
iron (3% Si). It is known that the magnetic properties of silicon iron are high- 
ly sensitive to stresses. ”? As a result of mechanical or heat treatment (for 
example, grinding or tempering) there arise appreciable stresses in the specimen. 
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If the specimen is heated to 
above 900°, its lattice transforms 
from cubic body-centered to cubic 
face-centered. If the specimen is 
allowed to cool slowly the lattice 
transforms back to body-centered. 
If, on the other hand, the cooling 
is rapid (specimen quenched) the 
reverse transformation is only 
partially realized, and stresses 

develop inside the specimen. If 
Fig.e the specimen is held for some time 


Fig.1. Magnetic structure on the surface of at a sufficiently elevated tempera- 
a stressed specimen, brought out by magnetic ture and then slowly cooled, these 
powder and observed under an optical micro- stresses are relieved. Mechanical — 
scope. Magnification 200 X. working gives rise to plastic de- 
Fig.2. Electron micrograph of powder patterns formations that result in impair- 
on the surface of a stressed silicon iron ment of the magnetic properties, 
specimen. Magnification 2000 X. owing to the strong anisotropy of 


the magnetostrictive characteris- 
tics of the crystallites. Thus, according to the data in the literature®, in 
silicon iron single crystals the maximum magnetic permeability in the [100] direc- 
tion is 624 000, while in the [111] direction it is only 19 300. 

In all we studied about ten different specimens of grain-oriented silicon 
iron. The results were consistent and hence may be regarded as typical. In studi 
esl° of textured silicon iron specimens it was established that in the plane of 
rolling, the crystallites are arranged in a plane close to the (110) plane and are 
oriented with the [100] direction approximately in the direction of rolling; the 
[100] direction is the easy magnetization direction in silicon iron. 

The single crystals used in our work were extracted from individual large 
crystallites by etching with nitric acid. The crystallographic orientation was 
determined from x-ray diffraction patterns. The specimens were selected so that 
in each case the investigated surface lay in the plane of rolling, which was in- 
clined at an angle of 2-3° to the crystallographic (110) plane. The investigated 
specimens were of different geometric shapes (disks, rectangles and polygons) with 
an area from 0.5 cm? to several square centimeters. The thickness of the specimen 
varied in the range from 0.3 to 1.5 mm. The single crystals were polished mechan- 
ically. The powder patterns observed on the surface of such specimens by means of 
an optical microscope (Fig.1) were typical of the (110) plane in the presence of 
stresses. 

The appearance of the mosaic depends on the direction of polishing and, ap- 
parently, is not characteristic of the structure of the internal domains. It is 
knownll, that the mosaic boundaries are zigzagged. In the micrograph reproduced 
in Fig.2, which was obtained in an electron microscope using a replica made from 
a powder covered surface, we note a structure with the same zigzag angle* (~ = 80- 
90°). Before discussing the common characteristics of the three different types 
of images of magnetic microstructures, it may be useful to dwell briefly on the 
distinctive features and origin of the zigzag walls. 

The direction of magnetization on either side of a zigzag wall can be deter- 
mined by the method of scratching!2, From one side of the wall to the other the 

*The zigzag angle is the angle between two neighboring sections of a zigzag 
boundary or wall on the surface of a crystal (Fig.3). 
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direction of magnetization changes 180°, as is shown by 
the arrows in Fig.3. The appearance of such magnetic 
microstructures is explained by the presence of "depth" 
domains with magnetization vectors normal to the sur- 
face of the crystal (Fig.3).10 The investigated surface 
of the specimen lies in the YZ plane (so-called Y do- 
mains). ‘Depth domains form in the XY plane (X domains). 
The X and Y domains are separated by 90° walls, i.e., the 
magnetization vector changes its direction by 90° in go- 
ing from the X to the Y domains. The appearance of these 
"depth" domains is connected with internal stresses that 
develop incident to mechanical treatment of the specimen. 
There is a definite relation between the minimum surface 


Fig.3. Structure of energy and the zigzag angle w. 
mosaic domains appear- For the stable zigzag angles in the domain walls of 
ing on a stressed silicon iron investigators! obtained a value of 106°. 
specimen. The arrows This value of w is a common constant for cubic ferro- 
indicate the direction magnets with the easy magnetization direction in the 

of magnetization. (100) plane, regardless of the magnitude and form of 


the magnetic anisotropy. In the presence of strong 
internal stresses in the crystal the zigzag angle becomes smaller than 106°. Our 
measurements (Figs.2 and 4) yielded zigzag angles in the range from 80 to 110° 
for specimens with different stresses, which is in good agreement with theory. 
Having established the character of the magnetic structure on the surface of 
stressed specimens in this manner, we then made carbon replicas from the clean 
(powder-free) surface. A typical replica micrograph obtained by means of the UEM- 
100 transmission microscope is reproduced in Fig.4. It will readily be seen that 
the surface of the stressed specimen is broken up into a number of large regions 
divided by zigzag walls. The zigzag angles are of the same order of magnitudes 
(90-100°). Moreover, all the large regions (for example, region a in Fig.4) are 
subdivided into smaller domains, also separated by zigzag walls. (A similar frag- 
-mentation into a finer magnetic structure inside the zigzag domains is revealed 
by powder patterns - see Fig.1.) 


Fig.6 
Fig.4 Fig.9 % 


Fig.4. Microgeometry on the surface of a stressed specimen; carbon replica from a 
clean surface (electron microscope). Magnification 2000 X. 
Fig.5. Magnetic microstructure on the surface of an anneal specimen 
(powder pattern; optical microscope). Magnification 200 X. 
*Fig.6. Microgeometry on the surface of an annealed specimen (electron microscope). 
Magnification 8500 X. 


eT 
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The replicas in this case characterize only the microgeometry of the speci- 
men surface. It will be evident from a comparison of Figs.2 and 4 that in the 
case of stressed silicon iron specimens there obtains complete correspondence be= 
tween the surface microgeometry and the character of the magnetic structure. 

For investigating specimens free of stress, we first carefully polished 
their surface electrolytically and then annealed the specimens in vacuum for “See 
hours at 1000°, with subsequent slow cooling. The specimens were then studied 
in the same way as before. 

The powder patterns, which render the magnetic structure of the annealed 
specimen (Fig.5), consist of parallel lines intersecting the entire surface and 
are characteristic of the (110) plane of silicon iron. 

Using the powder pattern technique, Shur & Abel's!3 established that for de- 
magnetized and annealed crystals, the surface of which is parallel to the (100) 
or (110) plane, the entire magnetic structure consists of domains in the form of 
parallel bands separated by 180° walls. Closure domains appear only at the edges 
of the specimen. Kirenskii & Veterl4 utilized the Kerr effect to evaluate the 
width of the walls between the domains in silicon iron and found that it varies 
from 0.6 to 0.89 microns. We made carbon replicas of annealed specimens free of 
mechanical stresses. A typical micrograph is reproduced in Fig.6. It will be 
seen that the entire surface of the specimen is striped with parallel bands the 
width of which varies from 0.1 to 0.3 microns (light bands) and that these are 
separated by "walls" (dark bands) with a width from 0.05 to 0.1 microns. The 
transitions from the dark to the light bands are gradual rather than abrupt. This: 
type of structure was observed on all electrolytically polished and then annealed! 
specimens. 

We have seen no reports in the literature describing a microgeometry of this: 
type on silicon iron specimens with the surface close to the (110) plane. 

From stereoscopic pairs recorded in the electron microscope we established 
that the wide (light) regions are raised (convex), while the separating narrower 
dark regions are depressed (concave). Minor defects produced by electrolytic 
polishing and extraneous inclusions do not affect the character of the microre- 
lief (Fig.6). It may be assumed that this striped or "“ribbed'’ microrelief is due 
to cold rolling of the material, necessary for producing magnetic structure, and 
that the line character of the magnetic domains in annealed specimens (Fig.5) is 
connected with the character of this microstructure. 

To substantiate the inferred correlation between the microgeometry and the 
magnetic structure we carried out the following experiment. An annealed specimen 
with a typical ribbed microrelief (Fig.6) was rapidly heated in vacuum (5-107 mm 
Hg) to a temperature appreciable above the Curie point. Naturally, at this tem- 
perature the specimen lost its ferromagnetic properties. A Ganben: rahioe was dé 
posited onto the surface of the heated specimen. An electron micrograph obtained 
from this replica is shown in Fig.7. It will be seen that the ribbed relief has 
disappeared and that there has formed a new microrelief reminiscent of the fine 
structure observed inside the large domains in stressed specimens (compare with 
Fig.4). Obviously, in the case of rapid heating there appear internal stresses. 
The carbon replica made from the surface of such a recrystallized specimen afteh 
cooling differs little from the replica taken off a heated specimen (Fig. 7) 

There is good reason to assume that strong internal stresses mend leet b hee 
treatment greatly alter the magnetic structure. Investigations of the ma Le 
structure of heat treated specimens substantiated this assumption. Fi ete Z 
the powder patterns photographed by means of an optical microsco : ee’ aun 
of such a specimen. Her bes png tS ean 

ere again there are evident domains separated by zigza 
walls and subdivided into smaller sections (compare with Fig.1). : a 


oe fou 


The appearance of similar zig- 
zag magnetic domains on silicon 
iron specimens heated in vacuum to 
a temperature above the Curie point 
was observed earlier by Batesl5, 
Bates attributed the appearance of 
these domains to stresses arising 
incident to rapid change of tempera- 
ture (even at temperatures below 
the Curie point). In addition, 
Bates assumed that the number of 


Fig.7 Fig.8 zigzag walls depends on the rate of 

cooling through the Curie point. 
Fig.7. Microgeometry on the surface of a In carrying out analogous experi- 
specimen heated above the Curie point (elec- ments we noted that there is a de- 
i tron microscope). 8500 X. pendence between the character of 


Fig.8. Micromagnetic structure on a surface the relief produced by recrystal- 
of a partially recrystallized specimen (pow- lization and the rate of transition 
der pattern; optical microscope). 200 X. through the Curie point. Thus in 
the case of repeat annealing of a 
specimen with a pronounced ribbed relief, followed by slow cooling (3-5 hours) , 
the microgeometry virtually did not change. On the other hand, in the case of re- 
peat annealing followed by rapid cooling (0.5-1 hour), the geometry of the surface 
was greatly distorted: "'cross-ties' appeared on the initial strips. In the case 
of even more rapid cooling of the reannealed specimen (5-10 min) there formed on 
its surface a microrelief similar to that shown in Fig.7. 

Thus as a result of our experiments we have established a definite corre- 
spondence between the microgeometry on the surface of silicon iron specimens and 
the character of their magnetic structure. It is obvious that the stresses that 
arise in the material as a result of mechanical or heat treatment produce changes 
in the microgeometry of the surface, which can be explained by anisotropy of the 
strictive properties. The net changes occurring in the specimen owing to aniso- 
tropy of the mechanical and magnetic properties lead to the appearance of the 
specific magnetic structure characteristic of the given state of the material. 


Physics Faculty, 
Moscow State University 
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OBJECTIVE METHOD OF RECORDING ELECTRON ENERGY SPECTRA WITH AN 
ELECTROSTATIC ANALYZER 


- A.N.Kabanov, Yu.M.Kushnir & D.V.Fetisov 


In using electrostatic electron velocity analyzerst the energy spectra are 
usually recorded photographically. Experimenters in the field are familiar with 
the difficulties that arise in evaluating the line intensities. In addition, in- 
asmuch as in using the photographic method of recording the process of measure- 
ment of energy losses is a two-step one, the accuracy in determining loss values 
is reduced. In addition to the above shortcomings, in using the photographic re- 
cording method the analyzer must operate ina regime under which the resolution 
does not remain constant: the optics of the analyzing lens distorts the true in- 
tensity distribution. 

Mollenstedt & Dietrich? proposed a method by means of which one can obviate 
the above shortcomings. Subsequently, this method was employed in a 35 kv electro- 
static analyzer designed by Dietrich3, At approximately the same time we also em- 
ployed this method in a 75 kv analyzer. The fundamentals of the method are made 
clear in Fig.l. Fig.1,a shows the trajectories of electrons with energies U and 
U — AUin the case of photographic recording. The dispersing element of the ana- 
lyzer consists of one slit and the analyzing lens. The relation between the ac- 
celerating potential U and the potential Uj] on the middle electrode of the analyz- 
ing lens is chosen so that the analyzer will operate in the optimum regime. This 
regime, as is known4 , corresponds to the maximum resolution, minimum differential 
magnification and maximum dispersion. In this case the electron trajectories are 
shown by the solid line in Fig.1,a.* If with a constant potential on the middle 
electrode the electron energy is reduced by AU, as is usually the case in measur- 
ing electron energy losses by this procedure, the optimum regime is disturbed 
(the trajectory is now given by the dashed line in Fig.l,a). The optimum regime 


U —AU 


voltage ratio k,o,+—U/U] also changes and becomes ie Ty) 


This is accompani- 
ed by broadening of the slit image, i.e., reduction of the resolving power, and a 
change in the intensity of the image owing to change of the optical strength of 
the analyzing lens. Both these shortcomings can be easily eliminated by maintain- 
ing the optimum regime of the analyzing lens for electrons of different energies. 
In other words, one should maintain Ropt constant for all electron energies. Then 
the optical properties of the analyzing lens remain unchanged, as do the resolu- 
tion and intensity of the slit image. 

The constant voltage ratio arrangement is shown in Figs.1,b & c. In contrast 
to the case shown in Fig.1l,a, here there is introduced a second slit located below 
the analyzing lens and at such a distance from it that there will pass through it 
only electrons with energies that satisfy the optimum regime condition. In the 
first case (Fig.1,b) this regime obtains for electrons with energy U (Ropt= U/U}), 
-in the second case (Fig.l,c) the regime obtains for electrons with energy U— AU 


ret lig. eT = ’The value of R is maintained constant by varying 


Be «The 75 kv analyzer operates under conditions for which the optimum regime of 
the analyzing lens is the second working region. The electron trajectory corre- 
sponding to this regime has been called the telescepic path of the rays in the 
second working region. 
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«Fig.l. Electron trajectory in the analyzing 
lens in using the photographic (a) and the 
objective Ropt= const ) methods (b & c) methods 
of recording energy spectra. b - Ropt=U/U1 » 

i Sn 


c - Ropt = ig kU a 1 - first slit, 2 - ana- 


lyzing lens, 3 - second slit, 4 - screen. 


the potential on the middle electrode of the analyz- 
ing lens. Thus the image of the slit in this case 
can only change in intensity but remains stationary 
on the screen. 

As a rule, electrostatic analyzers are used in 
measuring the energy loss of 30 to 75 kev electrons. For most solids the loss is 
generally of the order of tens of electronvolts. Thus there enters into the ana- 
lyzing lens through the upper slit an electron beam, the electrons in which have 
a relatively small energy spread. Having set the optimum regime for elastically 
scattered electrons and then varying the potential on the middle electrode and 
each time measuring the number of electrons passing through the second slit, one 
can readily obtain the sought information on the energy loss and intensity of the 
lines in the spectrun. 

The apparatus is greatly simplified by using a semitransparent fluorescent 
screen, a photomultiplier and a recording electronic voltmeter (EPP-0.9 potentio- 
graph). The light signal from the fluorescent screen is converted and amplified 
by the photomultiplier, the output of which is connected to the recording volt- 
meter. The deflection of the recorder pen is proportional to the intensity of 
the stationary image of the slit. The variation of the potential on the middle 
electrode of the analyzing lens should be synchronized with advance of the record- 
er chart. Then every displacement of the chart will be proportional to the change 
in electron energy. Thus there will be automatically recorded on the voltmeter 
chart the electron energy spectrum with constant resolution of the analyzer. The: 
errors in measuring line intensities introduced by use of a fluorescent screen are 
so small as to be negligible. The brightness of a fluorescent screen is propor- 
tional to the electron current density and the accelerating potential to the n-th. 
power; in most cases ” does not exceed 2. In view of the fact that the accelerat: 
ing potential in our case changes by less than a fraction of a percent, the resul 
ant variation in screen brightness can be neglected. 

Fig.2 shows a diagram of the dispersing element together with an electron gu 
and the device for objective recording of electron energy spectra. (Other compon: 
ents of the 75 kv universal analyzer such as the condenser, objective, intermedi-: 
ate camera are not shown in this figure.) The geometric and electron-optical par 
meters of the analyzing lens have been discussed in Ref.5. Both slits in the ap- 
paratus are adjustable in width. The second slit can be opened to a width suffi- 
cient for passage of the entire energy spectrum; this can be photographed by mean 
of the camera without disturbing the vacuum. The fact that the film magazine is 
movable makes it possible to shift from one type of recording to the other withou 
difficulty. 

The electron beam passing through the second slit falls on the semitranspare 
fluorescent screen. This screen has a short persistence and an emission color co 
responding to the maximum sensitivity of the 1S type photocathode of the photo- 
multiplier. The photomultiplier is supplied from a regulated VS-9 rectifier. Th 
screen is optically coupled to the photomultiplier by a plexiglass lightpipe. Th 
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+Fig.2. Diagram of the dispersing element of the analyzer 

together with the device for objective evaluation of loss 
line intensities: 1 - electron gun, 2 - specimen, 3 - 
first slit, 4 - analyzing lens, 5 - second slit, 6 - 
movable film magazine, 7 - fluorescent screen, 8 - photo- 
multiplier, A - amplifier, CF - cathode follower, EV - 
recording electronic voltmeter, R, - bias variable re- 
sistor, Ro high voltage divider, B, - calibrating battery, 


B2 - supply battery, P - potentiometer. 


output signal from the photomultiplier is preamplified by the 
de amplifier A and goes to the input of the cathode follower 


CF. This serves to match the output impedance of the ampli- 


fier with the input impedance of the recording electronic 
voltmeter EV. 


Fig.3. Typical chart show- 
ing calibration markers (a) 
and energy spectrum of 70 
kev electrons passing 
through a thin aluminum 
film (b). 


The potential on the middle electrode of the 
analyzing lens is varied by means of a circular type 
PL potentiometer. The total resistance of this po- 
tentiometer is 20 kilohm; the linearity 0.1%. The 
potentiometer shaft is rotated by an SD-54 motor 
through a reduction gear at the rate of 1 revolu- 
tion per 3 min. Tests showed that this arrangement 
insures adequate synchronization of the rotation of 
the potentiometer shaft with the advance of the re- 
corder chart. The potentiometer is supplied from 
a 150 v battery Bp. The voltage divider Ro allows 
of setting the requisite regime of the analyzing 
lens depending on the electron beam current. The 
small battery B1, connected into the electron gun 
circuit, is intended for impressing calibration 
markers on the recorder chart to provide an energy 
scale for the energy spectra. The bias of the elec- 
tron gun is set by means of the variable resistor R . 

Fig.3 shows the calibration marks recorded on 
the voltmeter chart with increase of the accelerat- 
ing potential in 5 v jumps and the energy spectrum 
of 70 kev electrons passing through a thin aluminum 
film. This record was made with the second 20 mm 
slit adjusted to a width of 2-3 yu. Under these con- 
ditions the resolution of the analyzer is of the 


order of 140 000:1; the dispersion - 0.02 mm/ev. 
The results of measurements carried out by means of the above described ana- 
lyzer will be described elsewhere (see next article). 
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USE OF AN ANALYZER FOR INVESTIGATING THE ENERGY DISTRIBUTION 


OF ELECTRONS REFLECTED FROM METALS 
- Yu.M.Kushnir & A.N.Kabanov 


In addition to the characteristic energy loss of electrons incident to pas- 
sage through thin films of different substances, it is of interest to investigate 
the energy loss of reflected electrons. In particular, such measurements are im- 
portant for determining the optimum operating conditions of a reflecting electron 
microscope. Commonly, reflecting microscopes employ an accelerating potential of 
from 70 to 100 kv. In view of this, we carried out measurements of the energy 
loss of 70 kev electrons reflected from different metals./ These measurements 
were carried out on the universal electrostatic analyzer described in Ref.2, using 
the photographic method of recording the energy spectra. 

In the present work similar measurements were carried out using the object- 
ive method of recording.3 (See preceding article.) 

The measurements were made at pressures of the order of 107° mm Hg in the ana- 
lyzer column. In all the experiments the glancing and observation angles were 
constant and equal to 4°. The specimens were thin plates 3-4 mm wide and 0.08- 
0.10 mm thick. Such specimens could be adequately heated simply by passage of dc 
current (usually 15-20 amp). This method of heating not only provided for elimin- 
ation of the carbon contaminant films forming on the surface, but also allowed of 
measuring energy losses at different temperatures up to above 1000°. The tempera- 
ture was monitored by means of an optical pyrometer. 

The experimental results are given in the table below. The listed loss val- 
ues are in good agreement with the values obtained earlier in using the photograph- 
ic method of recording!. 

In Ref.4 it was shown that in 
—____ SSS the case of pure iron the character- 
Sub— Energy loss, ev istic energy loss depends on the 


mae Ps temperature: an abrupt change in 
a the value of the loss occurs at the 
Ee a ee, os eee og — temperature of the Q-y transition 
Ta "| 4535 | 2271 | 29,1 | 38,3 | 46,0—51,0| 57,0 (940°), when body-centered Q-iron 
nee “f hee nan cue ab ae = (a= 2.86 A) transforms into face- 
Nb 9.4 15,3 24.5 = 38 46,1 68,2 centered y-iron (a= Oro0 De In 


the case of substances that do not 

undergo such transitions, for ex- 
ample, nickel and molybdenum, we did not observe temperature dependence of the 
characteristic loss. Using the objective method of recording, we checked the 
temperature dependence of a different material, namely, titanium. At room tem- 
perature and up to 900° titanium has a hexagonal lattice (a = 2.95 A; c = 73 A) 
while at 900° it has a cubic body-centered lattice (a= 3.32 A). Accordingly, ia 
designate these two forms as Q-titanium and B-titanium, respectively. 

The electron energy spectra were recorded on the voltmeter chart of the ana- 
lyzer at temperatures of 20, 500 and 10509. The voltmeter traces are reproduced 
in the accompanying figure. It will be evident that in all three cases there are — 
evinced only two peaks, corresponding to inelastically scattered electrons. Inci- 
dent to transition from Q- to B-titanium both peaks are shifted some 2-3 ev to 
the side of lower loss values. It is noteworthy that the reflected beam consists 
to the extent of more than 50% of inelastically scattered electrons. Such “demono- 
chromatization" of the electron beam must have a significant effect on the resolu- 
tion of reflecting electron microscopes. 
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Energy spectra of electrons reflected from titanium: a) T = 20°, b) 500°, c) 1050°, 


The following are the values of the electron energy loss (in ev) in Q-titaniun, 
measured in our work, in the experiments of Watanabe and calculated by Vyatskii§ 
on the basis of the theory of pair collisions: 


Our data Watanabe? VyatskiiS 
(exp.) (exp.) (calc.) 
24.0 24.0 23.2 
48.0 50.0 50.0 


As will be evident from these data, the experimental and calculated values 
for Q-titanium are in good agreement. For B-titanium the calculated electron ener- 
gy loss value is 27.2 ev, which is in conflict with the results of our experiment. 
We obtained a similar discrepancy in the case of electrons reflected from iron. 
This illustrates the difficulty of theoretical interpretation of characteristic 
energy losses. Further investigations of energy losses are in progress. 
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ION-OPTICAL TECHNIQUE FOR PREPARING SMALL DIAMETER APERTURES 


- L.B.Rozenfel'd & A.I.Makarov 


In constructing various laboratory instruments it is frequently necessary to 
make openings ranging from a few microns to some tenths of a millimeter in dia- 


meter. 
beam. 


there is no necessity of making a drill bit of appropriate diameter; 


One way of piercing such openings is 
This method has a number of advantages over other drilling procedures: 


"Grilling" by means of a focused ion — 


the ion beam 


can perforate the hardest materials; the opening itself and the surface in its 
vicinity are cleansed of contaminants in the process of drilling. 


The authors developed a simple apparatus aO8 
Tests showed that this apparatus is not critical as regards ad-' 


focused ion beam. 


for “drilling” holes by means of a 


justment and is capable of drilling openings from 2-3 microns to a fraction Ooze 
millimeter in diameter in different materials. — 
The ion gun employed in the instrument (Fig.1) operates on the principle of 


a channel-beam gas discharge ion source. 


It consists of a stationary anode with 


a cylindrical cavity 7 mm in diameter and 22 mm in length, covered with a disk 


yy 


RE 


Sis % 


Fig.1. Ion gun: 1) anode, 2) 
cathode, 3) gun housing, 4) 
insulator, 5) channel connect- 
ing discharge gap with vacuum 
system, 6) rubber seal, 7) re- 
taining nut, 8) perforated 
piece. 


autofocusing. 


As a result, the ion beam is focused to a thin pencil. 


with a 3 mm aperture, and a cathode with an open- 
ing for the exit of the beam. The anode-to- 
cathode distance can be varied by screwing the 
cathode into the gun housing. For convenience of 
operation the gun housing (and, consequently, the 
cathode and perforated piece) are grounded, while 
the anode is insulated by means of a ceramic in- 
sulator. 

Usually the anode-to-cathode distance is set 
in the range from 0.25 to 2.5 mm, and a pressure 
of the order of 1071 mm Hg is maintained in the 
discharge gap. At this pressure the electron free; 
path is appreciably greater than the separation 
between the electrodes at all points except near 
the axis of the system, so that when a high volt- 
age is applied to the anode the gas discharge 
forms only in the axial region. The arrangement 
of electrodes employed in the gun gives rise to 
Inasmuch as 


the gas discharge is concentrated at the axis of the system, the beam diameter is 


very small. 


Consequently, after passing through the minimum cross section plane 
(crossover), the beam diverges very weakly. 


This makes it possible to "drill" di- 


electrics, locating them in front of the opening in the cathode aperture. 


The perforating apparatus is diagramed in Fig.2. 
is mounted in the working chamber. 


ket (not shown in the figure). 


The piece 2 to be perforate 
The chamber cover 7 is sealed by a rubber gas- 
The apparatus is then evacuated to 107-2 mm Hg. 


Next, the high voltage is applied to the gun anode and the needle valve 5 is opene 
Owing to the inflow of gas the pressure in the system rises to about 1071 m Hg. : 


The discharge is ignited and the "drilling" begins. 


The discharge current depends 


on the voltage applied to the anode and the pressure in the system, which depends. 


on the valve setting. 


The appearance of the opening on the top side of the per- 


forated piece is observed through the glass window 3. 


When it first appears, the opening is generally 2-3 microns in diameter. 
the operation is continued, the opening increases in diameter. 
operation (boring) one can obtain an opening of any desired diameter. 


In 
By continuing the 
An adequate 
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<Fig.2. Diagram of perforating vacuum in the system 
apparatus: 1) ion gun, 2) per- can be maintained by 
forated piece, 3) glass view- a fore-vacuum pump 
ing window, 4) vacuum pump, 5) (for example, the 
needle valve, 6) high voltage VN-461). The gun can 
rectifier, 7) cover. be supplied from an 
ordinary high voltage 
rectifier capable of yielding 2 ma current at up to 25 kv. 
No filtration or regulation is necessary. The discharge 
current is stabilized by means of a limiting resistor 
(VS-10-100 kilohm). 
We have used the described equipment to pierce open- 
ings in different materials: nichrome, tantalum, molybdenum, stainless steel, dia- 
mond and others. Data on the operating conditions and rate of drilling of differ- 


ent materials are summarized in the table. 


Material 


Thickness, 


Voltage, 
kv 


Discharge | 
current 


pa 


"Drilling" 
time 


Opening 
diameter, 
microns 


Tantalum 


Nichrome 
Molybdenum 
Steel 
1Kh18N9T 
Diamond 


The perforation rates listed in the table are only indicative. The perfora- 
tion rate increases with the voltage on the cathode and the discharge current, and 
is limited only by the power dissipation of the gun. Obviously, the "drilling" 
rate also depends on the thickness of the piece and the material. 

The quality of the opening depends on the properties of the material. If 
the material is homogeneous and fine grained, the edges of the opening are usually 
even and fairly smooth. If, on the contrary, the material is coarse grained, the 
opening tends to be ragged. 

Apertures pierced in the above-described equipment have been used in a number 
of electronic instruments, including electron microscopes. Very interesting re- 
sults are obtained by N.M.Popov in an electron microscope with an accelerating po- 
tential of 400 kv in using such apertures with a diameter of a few microns as 
selector (defining) apertures. 

We desire to express our deep gratitude to Yu.M.Kushnir for his interest in 
the work and to G.V.Der-Shvarts for valuable advice. 
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INVESTIGATION OF SOME TYPES OF PHOTOGRAPHIC PLATES SUITABLE FOR USE IN 


ELECTRON MICROSCOPY 
- I.8.Renskii & P.A.Stoyanov 


Photographic emulsions for use in electron microscopes, particularly in high 
resolution microscopes must meet a number of specific requirements. They should | 
have a high sensitivity to electrons, adequate contrast and resolution. The high 
sensitivity requirement is particularly important inasmuch as one must often em- 
ploy low current densities and short exposure times. The high contrast require- 
ment is based on the fact that the fine details of objects tend to merge with the 
background in the electron image. 

Generally, the most suitable photographic materials for electron microscopy 
are electron diffraction and some nuclear photoplates, which are characterized by 
high sensitivity of the individual fine grains. Type MR (MP) nuclear plates are 
sensitive to electrons with energies in the range employed in electron micro- 
scopes.1»2 

The present investigation was concerned with MR type photoplates. We com- 
pared their properties with the well known characteristics of type III electron 
diffraction plates.3,5-7 We shall not describe in detail the procedure and equip 
ment for investigating the plates (see Ref.4). 4 

The photographic plates were investigated on an appropriately modified UEM- 
100 electron microscope. The beam current was measured by means of a Faraday cup) 
mounted at the location of one of the pole pieces of the projector lens. By rota-~ 
tion of the projector lens one could introduce the Faraday cup for measuring cur-" 
rent or the normal pole piece for the photographic exposure. The current was 
measured by means of a differential cathode-follower type de amplifier with a 
sensitivity of 3-10-12 amp per scale deflection. 

The sensitograms were recorded by varying the exposure time while maintain- 
ing a constant current density. The current density was chosen to correspond to 
operation of the microscope with a magnification of 100 000 to 150 000; under 
these conditions it equaled 107-13 to 10712 amp/em”. The accelerating potential 
was 80 kv. Several plates were exposed simultaneously to insure uniform and con- 
sistent exposure conditions. The illumination of the plates was uniform to with- 
invt2.5%. 

The electron diffraction plates, which served as the "standard", were pro- 
cessed in developer No.1 following the recommendations of the manufacturing plant 
The nuclear emulsions were developed in metol hydroquinone developer also in ac- 
cord with the recommendations of the manufacturer. Comparison of the densities 
showed that the characteristic curves of the nuclear plates lie below the charac- 
teristic curves of the electron diffraction plates. The sensitivity of the nucle 
ar plates proved to be 40% lower than that of the electron diffraction coatings. 

We determined the optimum developing time for obtaining the maximum sensiti 
ty. Comparison of the characteristic curves (Fig.1) showed that increase of the 
developing time up to 10 min substantially increases the sensitivity of the plat 
Further increase of the developing time gives rise to noticeable fog. 

The characteristic curves of the electron diffraction plates and nuclear MR 
plates developed for 10 min are compared in Fig.2. In this case the sensitivity 
of the nuclear plates was 50% higher than that of the electron diffraction plates 
and their contrast was 20-30% better than that of the electron diffraction plates 
The sensitivity of the nuclear plates can be increased a further 10% by developin 
them by the procedure for electron diffraction plates (Fig.3). At the same time 
the development process is simplified. Thus by developing nuclear plates for 10 
min in developer No.1 one can enhance their sensitivity by a factor of 2. The 
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Fig.1. Characteristic curves for MR nuclear photoplates with different developing 
times: 1 - 4 min, 2 - 6 min, 3 - 8 min, 4-10 min. Accelerating potential 80 kv; 
current density 10-12 amp/cm2; t = exposure time. 

Fig.2. Characteristic curves for different plates: 1 - MR type nuclear 
(Moscow Tech.Photoplate Plant), 2 - electron diffraction, 3 - MR type 
nuclear (NIKFI). Accelerating potential 80 kv; current density 0.82- 

-10-12 amp/cm2; developing time 10 min. 
Fig.3. Characteristic curves for MR type nuclear plates processed in differ- 
ent developers: 1 - developer No.1, 2 - developer for nuclear plates (metol 
hydroquinone). Accelerating potential 80 kv; current density 0.82-10712 
amp/cm?, 


above results pertain to nuclear plates produced by 
the Moscow Technical Photoplate Plant. 

4 Increase in the sensitivity of the nuclear 
plates as a result of increasing the developing time 
is, unfortunately, accompanied by deterioration of 
their resolution. It is known® that electrons are 
deflected from their initial direction in photo- 
graphic coatings. If the thickness of the emulsion 
layers is commensurate with the electron range in 
the material, the deflection attains values one to 

4 two orders of magnitude greater than the size of the 

emulsion crystals. Despite the fact that the emul- 

sion coating of MR plates is relatively thin, elec- 
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tron scattering in it is appreciable, inasmuch as 

the concentration of the silver halide in this emul- 

sion is 85-86%.1 This leads to impairment of the 

resolution as a result of prolonged development, when 

the developer not only acts on the surface layer, 

but also has time to react with the deeper layers. 
The resolution of the tested photographic plates 

was determined by means of the attachment diagramed 

in Fig.4, using a diffraction grating replica. The 

specimen holder with the grating replica was mounted 


<Fig.4. Microscope attachment for determining 
the resolution of photographic plates. 
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in the object plane of the projector lens of the UEM-100 microscope. A special 
pole piece 1 (Fig.4) was mounted in the projector lens; this was designed to 
operate at different magnifications from 3 to 60 X. The position of the specimen. 
2 on the optical axis could be varied in a wide range by means of a mechanism 
consisting of a threaded bushing 3, an internal tube 4, and a worm 5 and a worm 
gear 6. The shaft of the worm was brought out through a vacuum seal. Thus by 
rotating the worm, tube 4 could be raised or lowered together with the specimen. 
For each position of the specimen, we calculated the excitation current corre- 
sponding to sharp focusing. The appreciable focal depth of the microscope, Oper= 
ating under the described conditions, guaranteed a minimum measurement error OW- 
ing to noncoincidence of the calculated and actual values of the excitation cur- 
rent for obtaining an accurately focused image. 

The preliminary results of measurements by the described procedure show that; 
increase in the sensitivity of MR type plates is accompanied by deterioration of 
the resolution to 30-40 lines/mn. 
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‘SOME CHARACTERISTICS OF CARBON AND SILICA REPLICAS MADE FROM POLISHED SURFACES 
- L.V.Lazareva & T.F.Filippova 


The present work was concerned with the behavior of carbon and silica films, 
ranging from 100 to 1000 A in thickness, deposited on different smooth surfaces; 
the natural growth faces of ferrite single crystals, mirror metal surfaces and 
polished optical glass. It was found that films of a certain thickness do not 


always truly replicate the structure of the specimen but deform and exhibit a 
distinctive intrinsic structure. 


The carbon and silica films were prepared by the conventional technique used 
in making electron microscopic replicas, namely, vacuum evaporationl. Carbon 
films were deposited on the (0001) face of a magnetonplumbite PbO (Feo03) 6 single 
crystal. X-ray diffraction studies showed that the natural growth surface of 
plumbite single crystals coincides with the hexagonal [0001] direction. Magneto- 


_plumbite was chosen as the substrate because the natural growth surface of these 
single crystals is an almost ideal mirror. 


Fig.l Fig.2 Fig.3 
Fig.l. Micrograph of the surface of a magnetoplumbite single crystal. 8500 X. 
Fig.2. Center of nucleation of "relief" on a carbon replica. 8500 X. 
Fig.3. Characteristic "relief' forming on carbon films. 8500 X. 


Fig.4 Fig.5 Fig.6 s 
Fig.4. Fragmentation of thick carbon films into regions separated by microcracks. 
igh 8500 X. 


Fig.5. "Relief" formed by a carbon film on an optically polished glass 
; surface. 2000 X. 
Fig.6. "Relief" formed by a silica film on an optically polished glass surface. 
si 2000 X. 
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Fig.1 shows a micrograph obtained by means of a collodion replica; wate 
zontal bands discernible in the micrograph are crystal growth bands. A rae 
replica made from such a mirror surface, however , instead of the growth ban a 
evinces a distinctive intrinsic "microstructure (Fig.2). The character of this 
"nicrostructure’ depends on the thickness of the carbon film. In the case of 
films 100 to 300 A thick in some sections there appear distinctive centers of 
nucleation of the intrinsic relief. Examination of stereoscopic pairs of such 
sections showed that these regions are convex, i.e., ridges rising above the gene: 
ral surface of the film and radiating from the "center’ at angles of about 120°. 

A typical center is visible in Fig.2. With increase of the film thickness to 300- 
500 the number of centers increases. The convex regions or ridges departing 
from individual centers intersect and form a complex topography on the surface of 
the film (Fig.3). As a result of this development of relief the entire surface 

of the film is broken up into individual small closed microregions of different 
size, at the boundaries of which the film is swollen. 

In Fig.3 one can clearly see how on such swollen boundaries there form micro- 
fissures, disrupting the continuity of the film (narrow light lines extending alon 
the ridges). 

With further increase of the film thickness to 500-1000 A an entirely differ- 
ent picture is observed. The cracks that began to appear along the boundaries in 
thinner films, now cover the entire area of the boundaries, and the convex bound- 
aries between individual regions are split by relatively wide cracks. A micro- 
graph of a thick film of this type is reproduced in Fig.4. Films of this thick- 
ness tend to crumble. 

We note that the dimensions of the microregions often lie below the limit of 
resolution of optical microscopes, and hence cannot be detected in monitoring the 
quality of the film by means of an optical microscope. It was found that silica 
and titanium films deposited on mirror surfaces display similar characteristics. 

Fig.5 shows an electron micrograph of a carbon film and Fig.6 of a silica 
film deposited on the surface of optically polished glass. The character of the 
figures formed by the quartz and carbon films differs: in the case of quartz the 
larger regions are separated by wedge shaped boundaries, while in the case of car- 
bon the character of the regions is reminiscent of the picture observed on films 
deposited on the faces of plumbite crystals. The important fact, however, is that 
in both cases the films exhibit an intrinsic microgeometry. The fact that some 
films deposited on rough surfaces behave in a different manner than films on mir- 
ror surfaces will be evident from the results of the following experiment. 

The mirror surface of one of the plumbite crystals was first coated with mag- 
netic suspension of the type used for investigating the domain structure of ferro- 
magnets (Akulov-Dekhtyar and Bitter powder pattern procedure”). This suspension 
was allowed to dry thoroughly (the dry suspension could not readily be rubbed off)! 
and then a carbon film 400 A thick was deposited on the surface. At the same time 
a similar film was evaporated onto a clean mirror surface. Examination of the re- 
plicas in an electron microscope showed that the film deposited on the rough sur- 
face replicated the relief formed by the magnetic suspension (Fig.7), while the 
control film evinced an intrinsic structure analogous to that shown in Fig.3. 

As long as the film remains relatively thin (up to 150-200 A) it adheres to 
the surface of the substrate, replicating its microrelief. With further increase | 
in the film thickness, however, there appear at individual points, which may co- | 
incide with accidents of topography” on the substrate, regions in which the ad- 
hesion between the film and the substrate becomes weaker than the cohesion between 
the particles constituting the film. At such points the film rises above the sur- 
face of the substrate, forming a distinctive relief (see Fig.2) but still remains 
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continuous, i.e., does not break up into separate re- 
gions. In Fig.3 one can see that this microrelief, 
which is present on the surface of magnetoplumbite in 
the form of crystal growth bands (row of parallel light 
bands running horizontally in the figure), as rendered 
by a thin film, flows smoothly over the convex boundar- 
ies between the individual sections of the film, i.e., 
at these boundaries the film simply stands away from 
the surface of the substrate. Then with further in- 
crease in the thickness of the film,the film breaks 
along the sections raised above the surface of the sub- 
strate. As noted above, on the convex regions there be- 
gin to appear cracks, which with further increase of 
the film thickness leads to general crumbling of the film. 
A similar process of fragmentation may occur in the 
surface coated before- case of thin films that remain whole while still under 
hand with magnetic pow- vacuum but begin to deteriorate upon exposure to the at- 
der suspension; the re- mosphere. Apparently, water vapor present in the atmos- 
plica renders the struc- phere facilitates scaling of the films from mirror sub- 
ture of the suspension. strates. This frequently leads to the appearance of 
8500 X. microcracks on the surface of even thin films. If the 
substrate is not mirror smooth, but has some roughnesses 
as, for example, in the case of the experiment with magnetic suspension, the ad- 
hesion of the film to the surface of the substrate increases and the film does not 
form an intrinsic microrelief, but truly replicates the structure of the substrate. 
The above described phenomenon of formation of an intrinsic relief obviously 
can hamper interpretation of electron micrographs of replicas from various sur- 
faces. 
The magnetoplumbite crystals were grown in the laboratory of the Institute 
of Crystallography of the USSR Academy of Sciences and made available to us by 
V.A.Timofeeva, whom we take this opportunity to thank. 


Fig.7. Carbon replica 
from a magnetoplumbite 
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EVALUATION OF THE PERFORMANCE OF THE UMT-2 ULTRAMICROTOME 
- Ya. Yu.Komissarchik & V.F.Mashanskii 


One of the important factors in successful submicroscopic investigation of 
tissues is the availability of a reliable ultramicrotome. Many laboratories 
still find it difficult to select a microtome from among the large number avail- 
able, particularly, if one includes imported ultramicrotomes. This is due, on 
the one hand, to the lack of valid criteria for judging the performance of micro- 
tomes, and, on the other hand, due to the fact that final evaluation can be made 
only after extensive work with a given instrument. An important factor, of course 
is skill acquired with practice on a given instrument. Thus, in the literature 
one can find both poor and good examples of work done on a given model. For ex- 
ample, the LKB microtome, developed by Sjostrand, has gained wide acceptance in 
Soviet laboratories, yet experience in our laboratory showed that this instrument 
does not meet present day requirements for ultrathin sectioning. The sliding 
bearing employed as the basic feed element in this instrument has a number of 
serious shortcomings: the presence of lateral and radial play some orders of mag- 
nitude greater than the requisite feed, and significant wear of the working sur- 
faces without provision for suitable compensation. 

In the microscopy laboratory of the Institute of Cytology we have, over a 


Fig.1. Transverse section of a peripheral nerve of a crab. 
micrograph are the axons AK of the Remak fibers. One ae ales to11ey the eee 
MA] and MAy passing from one fiber to another. At the boundary of the 
axon AK3 one can discern a mitochondria M 
with resolved internal structure. 70 000 xX. 
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Fig.2. a - Transverse section through sciatic nerve of a frog. At the center is 
the axon AK of the medullated nerve fiber. There is also resolved the periodicity 
of the lipoprotein layers in the medullary sheath MO. Mitochondriae M are visible 
in the axon and in the cytoplasm of the Schwann cell. At the left - a wall of a 
blood vessel CK. Between the myelinous fibers one can see collagenous fibers CF. 
70 000 X; b — section of the medullary sheath of the central myelinous fiber. In 
addition to the main period there is brought out 
the central line C. 280 O00 X. 


number of years, carried out investigations on ultrathin sections prepared on the 
UMT-2 ultramicrotome, the design of which is described in Ref.1. At the same time, 
we made a point of evaluating the performance of this model. To this end there 
were prepared sections of different tissues, fixed and imbedded in different ways. 
Specifically, we investigated peripheral nerve fibers and cells of nerve ganglia, 
epithelial tissues, single cell organisms, blood components, and fractions of homo- 
genized cells. The specimens were imbedded in methacrylate of different density 
and also in agar-agar with subsequent impregnation in methacrylate. 2 Both glass 
and ruby knives were used for cutting.3 In a number of cases we obtained series 
of sections of uniform thickness with an area of up to 2 mn2, 

By means of the UMT-2 ultramicrotome it is feasible to cut sections only 100 
A thick. With a knife edge of good quality and correct choice of the angle, the 
sections are not wrinkled as a result of deformation, which makes subsequent flat- 
tening unnecessary. Flattening or smoothing by means of xylene or chloroform vapor 
gives satisfactory results only as evaluated by means of the binocular microscope 
of the ultramicrotome. Actually, upon examination of these sections in the elec- 
tron microscope there become evident appreciable changes in the submicroscopic 
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structure, connected, apparently, with partial solution of the material by the 
methacrylate vapor. The feed system employed in the design of the UMT-2 ultra- 
microtome (in which the specimen is moved) insures complete rigidity between the 
block, the feed rod and the microtome stand, and the absence in this linkage of 
oil films and bearings; this reduces the possibility of irregularity in advance 
of the specimen. In view of the rigidity of the design and the great weight of 
the cast stand. the microtome can be used on an ordinary bench, and does not. xe 
quire a special base or table. 

The use of an equi-strength feed rod of varying cross section made it pos- 
sible to reduce the stress in it during displacement relative to the knife edge 
and yet provide a sufficient movement of the specimen for slicing. 

It must be noted, however, that in the process of work with the instrument 
there came to light certain design shortcomings. Among these are poor location 
of the motor and a noisy reduction gear, and an inadequate number of specimen 
holders supplied with the microtome. It would be desirable to modify the design 
to provide for variation in the cutting speed in a wide range; it would also be 
helpful to replace the incandescent lighting bulb by a daylight fluorescent tube 
of the type now provided with most imported microtome. 41° 

At the present level of electron microscopic investigation of organic tissues } 
interpretation is hindered by lack of three dimensional views of the specimen. 
This difficulty can be obviated to some extent by investigating sections made in 
series. Many modern ultramicrotomes, including the UMT-2, can provide for this. 
In the case of the UMT-2, however, series sectioning requires certain accessories: 
1) a device for accurate shaping of the block to the form of a truncated regular 
pyramid (the manual cutting now employed is not satisfactory) , and 2) special sup- 
porting grids with elongated mesh to minimize the chance of a wire coming under 
the specimen. 

On the basis of our experience and the results obtained we are of the opinion 
that the UMT-2 ultramicrotome does satisfy modern requirements for ultrathin sec- 
tioning and can be made to yield satisfactory sections of biological specimens for: 
examination in high resolution microscopes. With a view to demonstrating the pos- 
sibilities of the UMT-2 ultramicrotome we reproduce herewith two electron micro- 
graphs of sections of different tissues. 


Microscopy Laboratory, 
Institute of Cytology, 
Academy of Sciences of the USSR 
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ARMORED HIGH-VOLTAGE LEAD -IN 
- D.V.Fetisov & A.N.Kabanov 


Electrical connections to high-voltage instruments are commonly realized by 


= penbnaal ae lead-in to insure safety of the operating personnel and stability 
oe the voltage supply, which is particularly important in the case of electron 
microscopes, electron diffraction instruments and similar equipment. 


The insulating filler used in cable lead-ins is 


enerall 
or oil. g y some type of resin 


When resin is used the high-voltage lead-in becomes difficult to disas- 
semble, which is frequently an inconvenience, particularly in the case of vacuum 
instruments. The use of oil is undesirable inasmuch as owing to its reaction with 


the rubber insulation and electrolysis of the oil, the service life of the con- 
nector is reduced. 


Fig.l. Cross section of the armored Fig.2. External view of the armored 
vacuum sealed lead-in. lead-in. 


We designed a compact demountable high-voltage lead-in for use in conjunction 
with electron microscopes and similar equipment. A sectional view is shown in 
Fig.l. The high-voltage cable 3 with rubber insulation is firmly inserted into 
the threaded opening in the tapered bushing 2 made of suitable insulating materi- 
al. The internal diameter of the thread must be 1.5-2 mm smaller than the dia- 
meter of the inner rubber sheath of the cable (armor and graphite layer removed). 
For ZKVR-55 type cable we used standard 1 inch thread. The conical bushing is 
shaped to fit the mating opening in the duct insulator 4, and before insertion is 
coated with vaseline.! Over the duct insulator there fits the metal shield 6 onto 
which there is screwed the nut 1, which insures firm contact of the cable armor 
with the housing of the instrument and retention of the busing with the cable in 
the duct insulator. The conductors are soldered into plugs, which enter into re- 
ceptacles in the insulator 5. An external view of the lead-in connector with 
cable is shown in Fig.2. 

Breakdown tests on the lead-in showed that adequate insulation for 110 kv dc 
is assured with a tapered busing length of 45-50 mm and a threaded opening depth 
of 30 mm. The criterion for electric strength in the tests was the absence of un- 
stable leakage currents with an amplitude greater than 1078 amp at a voltage of 
110 kv. 

The described armored lead-in design is convenient for use under laboratory 
conditions. Actually, instead of a regular cable one can use vacuum rubber tubing 
covered with suitable metal braid. For voltages up to 75 kv one can use standard 
vacuum rubber tubing 22 mm in diameter; for voltages up to 100 kv, one should use 
tubing 27-30 mm in diameter. 

The cable (or rubber tubing with the conductors threaded through it) is in- 
serted into the busing in the following manner. The cable is stripped down to 
the rubber insulation (armor and graphite layer removed) to a length of 120-140 
mm and then the end 60-80 mm section is reduced in thickness so as to enter the 
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Fig.3. Section of armored 
lead-in connected to oil 
filled device. 
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opening in the bushing. The cable is coated with 
vaseline, stretched slightly and inserted through 
the plug. The excess, protruding cable is cut off. 

In the case of supplying oil filled equipment, 
the design of the lead-in is simplified. In this 
case one need only have a bushing of cylindrical 
shape (Fig.3), which is mounted on the cover of the 
rectifier tank in a special fitting. The lead-out 
contact is insulated by oil resistant rubber to pro- 
tect the cable from contact with the transformer 
oil. 

The described lead-in has been successfully 
used in different types of high-voltage equipment, 
including an electron velocity analyzer2, and has 
been employed as a standard component in the com- 
mercial MESM-40 and UEMB-100 electron microscopes 
and their power supplies.3,4 The small dimensions 
of the lead-in and the simplicity of its design 
make it adaptable for use in plug-jack type cable 
connectors. 

We desire to thank A.M.Kondrashov for helping 
perfect some of the components and the assembly 
technique. 
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HIGH-VOLTAGE SOURCE WITH A HIGH DEGREE OF REGULATION 
- A.V. Iz"yurov 


In designing high-resolution electron microscopes, one of the most difficult 
problems is provision of a highly regulated accelerating-potential source. Ac- 
cording to the data in the literature! , the allowable voltage instability-fluctua- 
tion plus ripple - for a high-resolution microscope should not exceed 0.0005%. At 
present the most advanced Soviet electron microscope - the UEMV-100 - has a low- 
irequency potential source with an instability of 0.003%. Certain improvements 
made in this power unit reduced the high voltage fluctuation to 0.0007%, which in 
sum with the ripple gives an instability of 0.0012-0.0016%. Development work on 
the low-frequency source for the UEMV-100 showed that to reduce the instability 
it is necessary to employ less filtering, which in turn increases the ripple. 
This conflicting effect led us to explore the possibility of utilizing high- 
frequency rectifying circuits with a view to further reduction of the instability. 


High-frequency rectifier with voltage multiplication 


High-frequency voltage sources, as compared with low-frequency units, have 
the following advantages: 1) better stabilization possibilities in principle, be- 
cause the rectifier-filter combination has a smaller time constant, 2) reduced 
dimensions and lower weight, and 3) increased safety in servicing. 

The most important part of a high-frequency voltage source 
is the rectifying and voltage-multiplying network (Fig.1). 
Multiplication is essential because the primary voltage is lim- 
ited to 20-25 kv owing to corona effects in the step-up trans- 
former. The principal characteristics of multiplying circuits 
are the internal voltage drop and the output ripple. 

To determine the best number of multiplication stages, the 
operating frequency and the capacitors in the multiplication 
circuit, we evaluated all the forms of voltage loss. The cal- 
culations showed that most of the voltage loss (~70%) in a 
multiplying circuit intended for electron microscopes, i.e., a 
high voltage circuit with a small current (a few hundred micro- 
amperes) is independent of the operating frequency and of the 
load current. These losses are due to the stray shunt capaci- 
tances in the wiring and circuit elements and to the interelec- 
trode capacitances of the rectifiers.2 The calculated results 

; were used to plot voltage loss versus the number of stages for 

Fig.1. Voltage different operating frequencies (Fig.2). The curves show that 

nultiplying net- the number of stages should not exceed 5 or 6 and that the fre- 
work. quency should not be less than several kilocycles. The upper 
frequency limit is imposed by the rectifier parameters and is 


usually 300 kc. 
| The high frequency ripple is also determined primarily (80-90%) by the stray 
capacitance and the capacitance of the rectifiers. The ripple due to the dis- 
charge of the output capacitance into the load becomes noticeable only at fre- 
quencies of the order of several kilocycles. 

With the above considerations in mind, we constructed a prototype high-fre- 
quency rectifier with voltage multiplication. For the design we chose ZTs16S 
kenotrons (peak back voltage 35 kv) and KOB-3 capacitors (2500 pf, 30 kv). We 
chose an operating frequency of 40 kc, and decided on four multiplication stages. 
The high-voltage source was a self-excited oscillator incorporating GU-50 tubes 
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and a parallel resonance circuit with a high 
voltage secondary. The peak voltage in the 
secondary was 12-14 kv. Ferrite cores were 
used in the coils to insure optimum coupling,, 
The prototype rectifier delivered up to 400 
ya at 100 kv. 


Regulation of the high voltage 


As noted above, the main problem in de- 
Fig.2. Voltage loss versus number signing power supply units for an electron 
of stages for different operating microscope is stabilization of the high volt 
frequencies. age. In the prototype model stabilization 
was realized by means of a feedback loop that 
included the entire high-voltage source. The feedback circuit comprised a wire 
wound voltage divider, a reference voltage source and a de amplifier. Control o 
the output voltage was effected by varying the bias on the screen grid of the os 
cillator tubes. 

Calculations show that to reduce the instability to 0.0005% when the line 
voltage fluctuates up to 0.5% and the voltage divider ratio is 0.001, the gain re 
quired in the feedback circuit is of the order of 106, The amplification factor 
referred to the screen grid voltages of the oscillator tubes is 1000-1200. Thus 
the de amplifier gain must be about 1000. This gain was obtained by using a two 
stage amplifier with a negative feedback coefficient B = 1073, 


Measurement of the high voltage instabilit 


A special instrument in- 
corporating an EPP-09 record 
voltmeter was developed to 
measure the high voltage in- 
stability. This instrument 
(Fig.3) consists of a single 
stage dc amplifier with cath- 
ode follower output and ad- 
justable negative feedback. 
Tests showed that this instru 
ment is capable of measuring 
high voltage instability down 
to 0.0001%. 


es; 


IIDK 


Fig.3. Instrument developed to measure high volt- 
age instability. 


Results of our work 


On the basis of our analysis of multiple stage voltage multiplying circuits 
and making use of the above described instrument for measurement for instability 
we developed, built and tested a new high-frequency electronically stabilized higs 
voltage supply unit. | 

Appreciable reduction of high frequency ripple in the new 
been achieved by introducing a bridge type pubtine networks, eae natie ane | 
that, in addition to the ripple at the main frequency (40 kc), the output volta 
comprises a 50 cps ripple component penetrating through the oscillator power sup- 
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Fig.4. Sample record of high voltage instability 


plies and stabilizers. Whereas the 40 ke ripple can be reduced to about 15 mv, 
i.e. , 0.00003% at 50 kv, the 50 cps ripple amounts to about 140 mv (0.0003%) , i. 
e., is one order of magnitude higher. Suppression of this low frequency ripple 
is extremely difficult. 

The high voltage instability was measured by means of the instrument de- 
scribed above. The high voltage arm of the voltage divider has a 500 megohm wire 
resistor. The instability was evaluated as the average for 30 measurements of 20 
sec duration each. With the rectified voltage ranging from 40 to 60 kv, the aver- 
age instability was day = 3.5°107© = 0.00035%. A sample voltmeter record is re- 
produced in Fig.4. Thus the sum instability - fluctuation plus ripple - amounted 
to 6.5°1075 or 0.00065%. The high voltage instability of potential supply units 
furnished with domestic and foreign microscopes is at best 0.001%, not counting 
ripple. Hence a figure of 0.00065% for the sum of instability and ripple is sig- 
nificant. Unfortunately, this result holds true only for potentials up to 60 kv; 
above this voltage the instability increases sharply. There is reason to infer 
that this is due to nonstationary processes (such as leakage, corona, charge mi- 
gration in the insulating oil, etc.) in the individual components or subassemblies. 
It is possible that these processes, which are not significant where insulating 
gaps in other equipment are concerned, cannot be tolerated in high-voltage power 
supplies where the frequency instability must be minimal. Hence in further de- 
velopment attention must be concentrated on reduction of the field gradients in 
individual components such as kenotrons, capacitors, etc. 


References 


1. S.Leisegang, Optik, 11, 2, 51 (1954). 
2. E.Everhart & P.Lorrain, Rev.Scient.Instrum., 24, 221 (1953). 
3. A.Delong & V.Drahos, Praktika elektronova mikroskopie, Praha, 1958, 


- 780 - 


POWER SUPPLY FOR A MICROSCOPE WITH A RESOLUTION OF 5 A 
- V.V.Polivanov, R.V.Pogudina & V.V.I1'in 


A number of difficulties are encountered in developing power supplies for 
electromagnetic lenses of high resolution electron microscopes: one must simul- 
taneously reconcile the requirements of high stabilization, smooth and accurate 
control and a wide range of operating currents. 


Reduction of lens current instability 


In present power supplies the lens current is stable to within only 0.001%. 
Through detailed analysis of stabilizer circuits (Fig.1) we were able to effect 
a further improvement in stability. 


y The operation of a stabilizer is highly sens 
ee / tive to spontaneous fluctuations of the tube 
plate, screen grid and filament voltages, particu 
larly where the first amplifier stage is concerne 
The main cause of these fluctuations is variation 
in the line voltage. 

Let us investigate the possibility of reduc- 
ing the effect of line voltage variation on the 
operation of a stabilizer. The change in the len 
current d/j or what is essentially the same thin; 
the current in the regulating tube circuit, can b 
represented as 


Fig.1. Lens current regulator. 


al] anja or] (1 
2 T = — dU py + = — 2 7 
dig att cometiree er 50g, Ute 
Recalling that 

ar) ‘cue or] dl pr lees ol] ol pr 

asi = Ver aU ee aU == Rip ’ Upp dU ¢ == Sfr, 
we obtain from (1) 

1 r 


here Scr and Sr, are, respectively, the control grid-to-plate and the filament- 
to-plate transconductances of the regulating tube. 

We determine dUcr, dUpr and dUf,, on the basis of the condition dR] =dRy oss 
= 0, i.e., for the case of a constant load. For the control grid of the regulat- 
ing tube, we can write . 


dWoar= dUpa— dU 
Ucr= dUpa— dU yr (3), 


where U;, is the cathode potential of the regulating tube. 4 
The change dUpa in the potential on the plate of the amplifier tube is made | 
up of the partial changes due to fluctuation of the voltages of the amplifier 


plate supply (dUpoa), the control grid (dU,.-), the screen gri 
filament (dUpf.): pea! s grid (dUps.) and the © 


*The subscripts used herein have the following meanings: / - lens, c- con- 


trol grid, s - screen grid, p - plate, f -filament, r i 
= td -_ i 
; : - - egulating tube, a - ampl 
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ad ya — aU poa+ aU ycat dU ysat My fy (4) 


Let us determine each of these terms: 


tia adUon = mn, dU es, (5) 
Fee pa 


where 


(6) 


Changes in the control grid voltage give rise to changes in the plate cur- 
rent, which in turn cause changes in the plate voltage: 


5 i : 
dl nog DandGen = Bs A ca" 
12a 
Making use of the fact that dyca= — dlpcaltpa we readily obtain 
dU pca= — Mead ca= — MeaRrerdly , (7) 


where 
Mca= MpaltyaS on (8) 


Similar reasoning leads to 


dy sa= — msadUsa ? (9) 
Up. = — mp,dU fa, (10) 
where 
Msa= Mpalty Sea: (11) 
Mfa = Mpaltnadfa- (12) 


The change in the regulating tube cathode potential is 
dUyr = (Ri + Res) dl]. (13) 


Inserting (5), (7), (9), (10) and (13) into (3) and taking (4) into account, 
we obtain 


GU = Mp adU oa — MeadUea— MggdUsa— mead, — (R] + Rrer) dll. (14) 


Proceeding on analogous assumptions we determine the change in the regulating 
tube plate voltage: 


dUpr = mprdU r— (Ri + Rret) ali, oe 
where R. 
ce soe 2 
en Rir+ RL + Rref ve 


Inserting (14) and (15) into (2) and simplifying, we cbtain 


2 


— 
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1 
Sopp al ae SopMggtUsa— SormpadU fa + Raitt pe het te 
dl 
d Ri + Rref, 


1+ Sopl(R7 + Reef) + i Soroa ref 


(17) 
ir | 


Evaluation of the individual terms for real circuits showed that all the te 
except the first one in the numerator and the last one in the denominator can be 
neglected without exceeding the usual scatter in tube parameters. Dropping the 


negligible term, Eq.(17) simplifies to 

MpadlU ys— msadUsa— mfpdU ta, (18) 
Moaltref : 

The terms left out of (17) represent the effect of power supply instability 


and the regulating tube, while the terms retained reflect the results of instabil: 
ty in the supply to the amplifying tube. The fact that the terms in the numerato) 


Ol 


tuations d/] due to fluctuations in the line voltage. To accomplish this there 
must be fulfilled the condition 


My U oa = MsgdUsa + mgadU fo. (19) | 
Determination of dU, and dUr, presents no difficulties: 
dU a= Ujasva u dU fg = UfaSfa, 
where Sa and orf, are the instabilities in the plate and filament supply voltages 
respectively. 


In determining dlUsa one should take into account the type of circuit used fo 
supplying the screen grid. Thus if the screen grid is fed from a voltage divider 


(Fig.l) difg= dU s, dls, but dUp, = Ridin, =F, dln dies) dlp = eo 
= 8,,dU,,. 
Substituting and transforming, we obtain 
dU sa = IU oa 
i cegene.- ; 
Ra tesa 4 so 


Obviously, if some other type of supply circuit is used for the screen grid, 
the expression for dUs3 will be different. 
’ If the filament current of the amplifier tube is stabilized, the second te 
in the right hand part of (19) can also be disregarded, and Eq.(19) is further 
simplified: 


MpadU og = MggdU5,. (21)| 


If the screen grid is supplied by a voltage divider thi 
s condition can 
ly be satisfied by proper choice of the divider arms fi: and A>. a 


Improvement of lens current control 
In present power supply units the lens current is controlled by varying the 


reference resistance Rrof of the current regulator (Fig.1). The principal short 
coming of this method of control is that there is included in the reference re- 
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Fig.2. "Potential" lens current Fig.3. "Potential" lens current con- 
control. trol by means of switches. 


sistance circuit a number of contact resistances Rk of the control rheostats or 
switches. Tests have shown that such contact resistances do not remain constant 
in time. Consequently, each contact introduces an additional fluctuation dUca = 
=IjdR, into the amplifier input voltage, thus aggravating the instability of the 
lens current. 

In addition to varying in time, the contact resistance changes from one 
switching to another; for example, in the case of wiper or brush type switches 
the scatter in resistance may attain 3 milliohm. Such deviations are of the same 
order of magnitude as the changes in the reference resistance necessary to insure 
smooth current control. As a result, exact continuous control cannot be maintain- 
ed with an accuracy better than 0.002-0.003%, which in some cases may be inade- 
quate. 

In contrast to this "current" control system, for the new power supply for 
the 5 A resolution microscope we propose an entirely different "potential" system. 
Fig.2 shows two possible versions of this method of control. The idea is to trans- 
fer the switch or rheostat contacts to circuits that carry low current or no cur- 
rent at all, i.e., to eliminate from the amplifier input circuit all additional 
fluctuations due to variation in the contact resistance. 

In practice, to insure smooth variation of the lens current over a wide range 
it is essential to employ a system of ganged multiple contact switches arranged 
as shown in Fig.3. The voltage applied to each subsequent switch is taken off the 
two preceding stages. This is necessary to insure adequate overlap of the control 
ranges. While it is impossible with this arrangement to eliminate all flow of cur- 
rent through the switch contacts, the magnitude of the current through the contacts 
with this arrangement is reduced several orders of magnitude. 


Extension of the current control ranges 


Methods of extending the range of lens current control were discussed in an 
earlier article2. Developing the new power supply for the objective lens we made 
use of the calculations carried out for the power unit for the UEMV-100 microscope. 
The maximum voltage on the lens coil was reduced to 200 v. By way of regulating 
tube we employ a 6818S power triode. Moreover, at certain points in the control 
range the rectifier supply voltage is changed automatically to insure normal opera- 


tion of the tube over the entire range. 


Results 


the above described studies of current regu- 
ucted a new power supply source for the ob- 
tron microscope with a resolution of 5 A. 
The new unit reduces the current instability to <0.0004% and provides exception- 
ally precise (to within 0.0008%) and smooth current control. Extensive operation- 
al tests have shown that the power supply unit is entirely adequate for a micro- 
scope of such high resolution. 


On the basis of the results of 
lators and controls there was constr 
jective lens of an experimental elec 
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VACUUM SYSTEM SELECTOR VALVE WITH ONE CONTROL KNOB 
- D.V.Fetisov, B.I.Pochtarev & A.N.Kabanov 


Among the many types of vacuum equipment employed in modern laboratories an 
important place is occupied by demountable metal instruments operating at pres- 
sures of 1074-10-5 mm Hg. Such instruments include electron microscopes, diffrac- 
tion cameras, vacuum evaporation units, etc. 

Most such instruments require a systematic alternation of vacuum and atmos- 
pheric pressure in the working space, which leads to the necessity of using speci- 
al commutation devices for interconnecting the tubes and pumps in a certain se- 
quence. Such devices should be simple as regards operation and reliable in ser- 
vice. 

A fundamental requirement for demountable instruments is a high pumping rate, 
inasmuch as this determines the limit vacuum in the instrument. This requirement 
pertains particularly to vacuum evaporation and similar units, inasmuch as the 
operations carried out in them are short term ones and are generally accompanied 
by appreciable evolution of gas or vapor. 

Experience in the design and operation of different metal vacuum instruments 
with a volume of 10 to 20 liters and with the seals provided by rubber gaskets 
provides the basis for approximate evaluation of the dependence of the limit 
vacuum and time to attainment thereof as a function of the pumping speed. 

Data for systems without freezing traps are listed in the accompanying table. 
The pumping times are given without taking into account the time necessary for 
establishing the fore vacuum. 


Pumping speed Paicnepeion eo ateiem em. tro 


S = Sq/(1 + oe) : 12074 51075 110-5 
liter/sec* mn Hg mn Hg mn Hg 
5-10 | 30-60 min not ant tad eC. 

30-50 | 6-10 min 1-2 hrs | not attained 
150-200 1-2 min 4-6 min 10-20 min 


*Sy is the rated capacity or speed of the high vacuum pump in liter/sec; 
Q@ = 12.1(d3/Z) liter/sec is the capacity or conductance of the tube from the pump 
to the instrument, where d is the inner diameter of the tube in cm and 7 is the 
length of the tube in cm. + 


These figures are approximate, but can he used as the initial data in design- 
ing evacuated systems, choosing the pumps and estimating the conductance of tubes. 

The design may be regarded as satisfactory if the pumping system provides at 
the entry to the working volume 4 pumping rate equal to 25-35% the rated capacity 
of the high vacuum pump: S = (0.25-0.3)Sy. If this requirement is not fulfilled, 

werful pump may be inexpedient. 

Ps Pet chekrrel meet eats tubing from the evacuated chamber to the high 
vacuum pump has an inner diameter d = 4 cm and a length Z = 60 cm. In this case 
the pumping speed will be 13.5 liter/sec in using a 500 liter/sec capacity Penh, 
and 10.4 liter/sec with a 40 liter/sec capacity pump. Thus, it will be seen tha 
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Fig.2. Sectional view of the valve chamber. 


despite the great difference between the speeds of the two pumps, in both cases 
there is obtained almost the same pumping rate and almost the same lower limit 


of pressure (1074 mm Hg). 


As noted above, another essential requirement for pumping systems is simpli- 
city, convenience and reliability of the valve system connecting the various 
lines. The requirement of simplicity makes it desirable to use a control with 
a single knob, which simplifies the task of the operator and makes it easier to 


| 


realize remote control of the system and to introduce the requisite safety inter- ) 


locks. 


Taking these considerations into account, we developed a vacuum selector 
valve with one control knob, a distinctive feature of which is location of the 


distributor cam mechanism in the vacuun. 2 


The working cycle of the selector valve unit is diagramed in Fi Sods 
valve chamber is divided into two sections by a partition; the cam shaft 11 passes} 
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through this partition and is brought out through the chamber wall. 
components are connected to the chamber sections: 
fold 7 connecting the chamber with the evacuated v 


the flanged connecting fitting 9 for admission of 
diffusion pump. 


The following 
the diffusion pump 13, the mani- 
olume, the fore-vacuum pump 5, 
air and the exit tube 1 of the 
The two sections are connected by the elbow tube 6. Commutation 
of the ducts is realized by the four valves 2, 3, 4 and 10, controlled by three 
cams 8, mounted on the cam shaft ll. 

The selector settings and corresponding valve positions are the following 
(the directions of flow are indicated by the arrows in Fig.l): 

plite jC rosed : all valves closed; both pumps isolated. 

iis ore vacuum : valve 4 open; instrument connected to fore-vacuum pump. 

3. High vacuum: valves 2 and 3 open; instrument connected to diffusion 
pump, the discharge of which is connected to the fore-vacuum pump. 

4, "Air": valves 3 and 10 open; instrument connected with the atmosphere; at 
the same time the diffusion pump is still evacuated by the fore- vacuum pump. 

All four selector settings are realized by consecutive clock-wise rotation 
of the cam shaft; the setting detents are 90° apart. 

Fig.2 shows a cross sectional view of the 
valve chamber. The chamber itself 7 is welded 
of steel tubing. The evacuated instrument can 
be connected to the selector either through the 
side branch 3 or by means of a fitting replacing 
the chamber cover 2. The cam shaft is sealed by 
conical rubber bushings 4. 

The valves are raised by relatively weak 
springs 5 and 6, so that they can open only if 
the pressure in the chamber is appreciably below 
atmospheric. This precludes accidental admis- 
sion of air to the operating diffusion pump. 

The selector housing has a special flanged fit- 
ting 1 for connecting a vacuum relay intended 
for automatically breaking the electric circuit 
of the pump motors in case of admission of air 
to the instrument. The vacuum relay is included 
in the selector assembly and is used when the 
associated equipment operates at a dangerous 
voltage. 
Fig 3. Vacuum unit equipped with The described selector is intended for use 
selector. with a type N-5 or N-5S diffusion pump with a 
rated capacity of 500 liter/sec and a VN-2 fore- 
vacuum pump with a geometric capacity of 7 liter/sec. In distinction to earlier 
designs?, the present selector has a liquid nitrogen trap (12 in Fig.1), installed 
ahead of the N-5S pump. 

Prototypes of the selector valve have been tested in prolonged operation in 
an electrostatic electron velocity analyzer’, in a scanning electron microscope, 

ent. 
pee Be a vacuum preparation unit with such a selector. The glass bell 
rests on a metal plate attached to the selector chamber. The rate of ICAI 
of the bell after admission of air and interchange of specimens is 3 min to 1:10 
mm Hg, 8 min to 1°10-5 mm Hg and 15-20 min to 5°107™° mm Hg (these times include 
the fore-vacuum pumping). Despite the evolution of gases Bae processes 
under the bell proceed at a pressure of the order of (1-2) -10~™~ mm Hg. 
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We desire to thank A.I.Maiorov for valuable advice in connection with in- 
provement of some of the components of the selector valve. 
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